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I
NOTI CE

When Government drawings , specifications , or other data are used for any
purpose other than in connection with a definitely related Government procure-
ment operation, the United States Government thereby incurs no responsibility
nor any obligation whatsoever; and the fact that the government may have
formulated , furnished , or in any way supplied the said drawings , specifications ,
or other data , is not to be regarded by implicat i on or otherwise as in any
manner licensing the holder or any other persort or corporation , or conveying
any rights or permission to manufacture, use or sell any patented invention
that may be related thereto.

This final report was submitted by Eureka Advance Science Coropration ,
under Contract F33615-76-C-2080. The effort was sponsored by the Air Force
Aero Propulsion Laboratory, Air Force Systems Coninand , Wri ght-Patterson AFB ,
Ohio under Project 3145, Task 314522 and Work Unit 31452271 with W.S. Bishop/
POE—i as Project Engineer In-Charge. Mr. David M. Ryan of Eureka Advance
Science Corporati on was technically responsible for the work .

This report has been reviewed by the Information Office, (ASD/OIP) and
is releasable to the National Technical Information Service (NTIS). At NTIS,
it will be available to the general public, including foreign nations .

This technical report has been reviewed and is approved for publication .
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FOR THE CO~1IANDER

D.P. Mortel
Techn i cal Area Ma nager
Batteries and Fuel Cells

Copies of this report should not be returned unless return is required by
securi ty considerations , contractual obligati ons , or notice on a specific document.

- — 22~



- - 

~~~~~~~—~
‘ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ • — - -~~ - --- -- __ ,-~

UNCLASSIFIED
S ECURITY  C 531 F IC A ’Y I O N  OF THIS P A G E  (Wh,n D.~. En~n,,d)

I EPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM

~
( REPOR T NL.~~4 R ~2 GOVT AC CESSION NO 3 R E C I P I E N T S  C A T A L O G  N U M B E R

.i_.. AFAPL~4TR-77-l2 ____________________ ______ 
- -~~~~• -----~ ,

/ ,~~~~ 5 T Y P E  OF R E P O R T  & PER lC~

1’ Hig h Energy Density Pelletized Final

~~~~~~~~ Aluminum Chlorine Thermal Batter ies,  15 Ma~y ~~~ se 15 Dec 76.
~

6 PERFO~~W,AMmORO . REPORT ~ J.MAWt R

7 - AUTHOR(OI B CONTRACT OR G R A N T  NIJMBER(o)

David Mj/R~an ~~~d L C /Brlcker( /~ F336l5- 76-c-2080 —~~ ‘ 
/

9 PER~~O RM I N G  O R G A N I Z A T I O N  N A M E  AND ADDRESS IS PROG RA ~~’~~~EMENT . PROJECT . T A SK
I . A R E A S WORK UNIT NUMBERS

Eureka Advance Science Corpo,.~3.oa . !.fi ~ 62203F , 3145, 314522 ,
P.O. Box 1547 31452271
Bloomington , Illinois 61701 

____________________________

I CONTROLLING OFFICE N A M E  A N D  ADDRESS ‘~~~ ~~~~~~

/POE 1 (/1 15 AprOL •77

OH 45433 

- 

~~~~~~~~~~~~~ U ~ 

~~~~~~~~~~~~~ 
•i•
~ 

‘

IA M O N I T O R I N G  A G E N C Y  HAU.t .~ AOORESS f d (I I C Ii Oil ) 5 SECURITY CLASS ( I L ... —I
I )  - -

I L -  -. . I I ‘—‘ / Unclassified 
___________

IS. DECLASSIFICATION OOWN GRADING
SCHEDULE

___________________________ _______________ N / A
6. D I S T R I B U T I O N  S T A T E M E N T  ~nI IS,. R.p,~,I.. ~~~~~ - - -

~~ I
Approved for public release ; / / I -/  -~~

distribution unlimited /

‘1. DISTRIBUTION S T A T E M E N T  lot  15, ~~~~~~~ e~ te,ed In Blook 20 , i i  dI f f .e ,oo I fro m Rep oot)

Distribution is Unlimited

IS. S U P P L E M E N T A R Y  NOTES

19 KEY WOR DS (Conlino. on ,. .,.. ,,d. If n.o.., i, c,,d d.,IIIF b~ bIoU, ,,ombn,l

Thermal Batteries , Molten Salt Batteries , Aluminum Chlorine Batteries ,
Batteries , Pr imary Batteries , Reserve Batteries , Automatically Activated
Batteries

23 AB S T R A C T  ‘CooIInoe on reene.. old. If ne~ ec..rI .nd Idenllf r I,,, blo rk nomSorl 
- -

~ The Eureka Advance Science Corporation entered into a contract to
engineer the development of a thermal battery based upon an electrochemical
cell developed at the Frank J. Seller Research Laboratory. This cell utilizes
aluminum or lithium-aluminum, alloy as its anode , a Cab-O-Sil/NaA1C14 

mixture
as anolyte , and a mixture of anolyte , MoC1~ and graphite as cathode.
Engineering research at the Eureka Advance Science Corporation was undertaken
to develop a profile of the operating characteristics of a battery utilizing
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ihis cell , and to investigate the feasibility of manufacturing such a battery.

Comercially available NaA1C14 was found to be unsuitable for cell
preparation. The synthesis of NaA1C14 was carried out at FJSRL and at Eureka,
and both synthesized materials wore found satisfactory for the production of
anolyte and catholyte. Lithium-aluminum alloys of 20 w/o Li and 28 w/o Li
were investigated , and both were found to be suitable anode materials.

The operating characteristics of the cell described by FJSRL were
successfully reproduced , and experimentation was carried out to further
improve the cell. Four cell variables were subjected to a factorial design
analysis to provide data for construction of cells for optimum performance.

Two heat source materials were investigated for use in the thermal
batteries; Zr/BaCrO4 and Fe/KC1O4. Both were found satisfactory, but the
Fe/KC1O4 provided the better overall battery performance.

The total functionality of a thermal battery utilizing these cells was
demonstrated by the performance of a 28 volts 2 amp battery operating over the
temperature range of _650F to +165°F. These batteries have comparatively long
life and high energy density capabilities , and the skin temperature of the
battery is ordinaril y low enough that it can be held in the hand. Batteries
of this design appear to present an excellent manufacturing potential.
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FOREWORD

This report describes the exp loratory development conducted by Eureka

Advance Science Corporation personnel at their Bloomington , Illinois facilities

on a high energy density pelletized aluminium chlorine thermal battery under

contract (Contract No. F33615—76—C—2O8O) with the U.S. Air Force Aero Propulsion

Laboratory located at Wright-Patterson Air Force Base , Ohio. This work was based

on basic research work conducted by personnel of the Air Force Frank J. Seller

Research Laboratories , U.S. Air Force Academy, Colorado and was for the purpose

of determining if a practical aluminium chlorine thermal battery could be

demonstrated using the results of the above basic research.

Submitted date for this report was March - 1977 , Covering effort completed

during the interval 15 May 1976 thru 15 Dec 1976.

The cognizant Air Force project officer was Mr. W.S. Bishop , AFAPLJPOE-l ,

Wright-Patterson Air Force Base, Ohio. The technical support rendered by

Mr. R.A. March of the project officer ’s organization was very beneficial and greatly

appreciated. The consultation and technical support of Lt. Col. Lowell King ,

Capt,John Erbacher , and Lt.Chuck Hussey of the Air Force Frank J. Seller , Air Force

Academy , Colorado was outstanding and a major contribution to the program success.
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SECTION 1

INTROD U C t I O N

In ~~~ the Eureka Advance Science Corporation was known as the Product

Engineering Department of the Eureka Williams Corporation. During the Korean War ,

Eureka c~ otributed to the war effort by putting into production a therma l battery

used in tize 81noi~ Mortar Proximity FUZC. The battery was designed by an independent

research corporation who did not have the facilities or experience to manufacture

anything in largc. quantities. In 1953 work was started with the then , Naval Ordnance

Laboratory , Silver Spring , Mary land , on a battery for a universal Proximity Fuze

to go on all rotating projectiles. The desIgn of these fuzes led to the development

of the Pressed Pellet Thermal Battery by the Eureka William s Corporation. Today

this type of thermal battery construction is universally used by all thermal bactery

manufacturers.

Frank J. Sailer Research Laboratory (FJSRL), established at the Air Force

Academy , Colorado Springs , Colorado , in 1964 , started work on the electrochemistry

of molten salt electrolytes , in particular the A1C13
/NaCl system , shortly after

establishment. In 1970 FJSRL received a patent for the concentration cell based on

this electrolyte system. As improvements were made more patents were issued and in

1971 the first formation cell was made. Work was done to improve this system and

as a result of this work a three layered pelletized thermal cell was developed.

In the spring of 1976 the Eureka Advance Science Corporation entered into

a contract to engineer the development of thermal batteries based on the work don~

at FJSRL. It was not known at that time if such a thermal battery could be built.

The first problem encountered at Eureka was the lack of large amounts of

electrol yte. NaA1C1
4 

had to be synthesized and mixed with Cab-O— SiI . Most of t ime

NaAIC1
4 

used in this contract was supp l ied by FJSRL.

_ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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(la ce a s up p ly  ‘‘ 1 e l e c t  r i v i c  w m o  . f v , I j l a b l f •  U”’ !  ~. W~~f. ‘, t a r t o d  tI ~~~ f~~ ,r iiIi

lie c e l l  made at FJ SRL . I’h i  s (‘1 1 1  ‘ v ii, I & ’ , ’. I bed in  a c r i o U p  umds ’ r l c e I t O!’ ’ t 111

i , mc i l i r y .  I b i s  was a tIIrI’ I’ 1 i ~ f ’ r e l i o t  i i i ,’d c e l l  w i t h  t i l s  f o l l o w i n g  c o n s t r u ct i o n .

h E M  W E i G h T

1) Anode :

90 
W

/0 N A IC1 /ll) W
1 Cab -J-Si 0.50 ram

4R at-sr 7. L iA 1  A l l o y  0.50 gram

2) Separator (Anol yte)

N0AIL1
4 
90/10 Mix 0.90 gram

3) Cat 11oh c (Catli lyt e)

~aA1C1 , 90/lU ~U x 0.45 gram
-A

Ml ( L ~ 0.50 gram

Grap t m i t e  O. lt , ~ram

h o t e l g 1 1 1 , 11r 3.01 gram

i b i s  c e l l  was tes ted at a L u m l I o r a t u r e  of 175 °C and at a constant current

‘1 15 rA,cm2 between heated p latens. After this cell was reproduced the cn ’l - ‘

C ‘ ‘ ‘.~~‘iiotits were varied and I’ s~~~I’ r i m o o t c i  w i t h  and an o p t i m um  cell was designed.

( a  lIe! problems  were encountered when battery construction began. It was

fa~~nd tha t  the produc t i 1 f f  methods  used to Cld k s ’ other therma l b a t t e r i e s  could not

~ C f l I P  f r  ba t  t e rj t Y m i t c h ’  w t It the N a A I C I , s I oct  r I v i e , the LiAI  Anode or time

I 1 ‘ t ’ ’qil t i  c a t ho l ’. I . Al to - ‘ i t  ive methods  had t o  be found .

~h ’ is mi ’t ore s h a l l  C -  cal led N0A1 1
4 ~

40/10 mix I ‘~r the remainder of this

r - ; ” r t

2
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The first batteries were made with a zirconium/barium chromate heat

source .  ‘rite final batteries were built with an i ron/po tass ium perchlorate heat

source. The iron heat source material was supplied courtesy of Sandia Research

Laboratories at Albuquerque , New Mexico.

As a result of the work done by Eureka it was proven that a successful

thermal battery could be made with the electrochemical system develope.~’ by FJSRL.

It was demonstrated that a 28 volt , 2 amp battery was a realistic goal for a fully

engineered battery . It was also demonstrated that lifetimes in excess of half an

hour and current densities in excess of 350 mA/cm2 were realistic goals for a fully

engineered bat tery . This work has shown that the Al/NaA 1CI
4 /MoC15, C system is a

good electrochemical system and that further work should be done to fully engineer

this battery .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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MATERIALS

All cell component materials were handled in a “dry rosa ” at approxi-

matel y 2.57. relative humidity (27°C) or in an inert atmosphere b y  under dry

argon.

ANODE

Lithium-aluminum alloy (20 WI0 and 28 W
/0 Li) were ordered from Foote

Mineral Company.  Initiall y some anodes were made by mixing LiAI alloy WI LII anolyte.

As these anodes did not g ive better performance than those made from pure LIA1 alloy,

the practice of mixing anolyte with the alloy was abandoned.

ANOLYTE

The anolyte material was composed of sodium tetrachloroaluininate (NaAICI
4
)

mixed with either purified kaolin or “Cab-O-Sil” in varying amounts.

NaAlCl4

NaAIC1
4 from three different sources was investigated : a comiunercial

grade of NaAlCl
4 

from City Chemical Company, New York , material prepared at the

Eureka facility and material supp lied by FJSRL.

As received , the commercial material from City Chemical Company was

li ght yellow and was caked into a solid mass. Some of this mass was broken up,

sieved through a #40 sieve , placed in a glass crystallizing dish and heated in

a muffle furnace in a dry room. Gradual increases in temperature up to 250°C

failed to produce fusion. Since the reported melting point of NaA1CI
4 is 151°C” ,

a sample of this commercial material was Sent to FJSRL for analysis.

m .p .  424°K ( l s l °C ) - JANAF Thermochemical Tables , 2n d E d it i o n . U .S. Dept. of
Commerce , NSRDS—NBS 37, 197 1

5
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Investigation at the FJSRL facility , includi ng infrared spectroscopy (IR), nuclear

magnetic resonance spectroscopy (NMR), x—ray powder diffraction and differential

scanning calorimetry (DSC), led to the conclusion that the commercial product was

not NaA1CI4, but was principall y a m i x t ur e of NaC l and AId 3 
. 611

2
0. This material

was comp letely unsuitable for battery use and was not further investigated .

H 
Syn thes i s  of NaAlCl 4 at the Eureka fac i l i t y  was ca r r ied  out as fo l lows :

th i r ty grams of Fisher  anh ydrous A1C13 i n a la rge test  tube was cove r ed wi th  a

layer of fourteen grams of Fisher NaCI. The two layer mixture occupied about one

quarter of the volume of the test tube. A rubber stopper fitted with a small glass

dry ing tube con t a in ing  acti v ated alumina was then plugged into the top of the tube.

The tube was immersed into a heating bath at 180°C, up to the level of the interface

of the two solids. After about thirty minutes a dark liquid was formed with an

undissolved greyish mass at the bottom of the tube. Three days of continued heating

caused the grey ish mass to reduce to a few undissolved particles at the bottom of

the tube. After cooling to room temperature the product was taken into a dry room

where the tube was opened and a pea sized piece of aluminum added. The contents

were reheated for an additional three days , by which time the aluminum had completely

dissolved and the melt was clear and colorless. After cooling, the solid white

material was removed from the tube and ground to a fine powder in a glove bag

filled with helium. The product was originally very white , but after about thirty

minutes exposure to the glove bag atmosphere , some of it had turned a faint yellow.

The finished product was labeled NaAlCl4, Batch #1.

A larger scale synthesis was carried out in a 400 ml jar. The procedure

was basically the same but this material was never really white. It contained a

considerable quantity of dark grey material. When the Al metal was added it did not

dissolve but just turned black. When this fused mix was ground , the finished grey

powder was labeled NaA1C14, Batch #2.

h111•. - - - — —‘ .— ~~~~
--

~~~
—-
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ANOLYTE MIX

Anolyte mixture was prepared t r Im this product. The material was put

into a glass crystallizing dish and 107. Cab-O-Sil was mi xed in. The mixture was

heated to 168°C in a muffle furnace , in a c r y s t a l l i z i n g  dish which was covered

with a piece of glass. After sixteen hours , th~ material was removed from the

oven , ground , placed in a glass bottle and labeled Anolyte #2. The fused anil ytci

was quite easily ground with a mortar and pestle.

A third synthesis of NaA1C14 was carried out by mixing the AlCl3 
and

NaCI together and heating this mix in a glass crystallizi ng dish , covered by a

piece of plate glass , in a muffle furnace. This material was heated for one day

at 156°C. It did not fuse to produce a solid mass when cooled. Cab-O-Sil was then

added and the mix was fused overnight at 168°C. Though this material fused the

solidified product crumbled easily when ground. It was placed in a jar and labeled

Anolyte #1.

A fourth synthesis of NaA1C14 was made by mixing AICI3 
and NaC1. The

container leaked AIC1
3 
vapor , and the rubber seals on the oven were destroyed. The

material had fused complete ly, and was labeled NaA1C14, Batch #4. Cab-O-Sil was then

added and a large neoprene stopper inserted into the Jar . This mixture fused

satisfactorily at 168°C. The product was light grey and was labeled Anoltye #3.

Anolyte #4 was made by mixing 49.7 mole percent A1CI
3 
with 50.3 mole percent

NaC1
3 

and heating this mix for three days at 168°C. The reaction vessel was a one

quart j a r  capped with a #13 rubber s topper  wrapped in Kaiser aluminum foil. -rho

stopper was pushed into the j a r  and wrapped with viny l electricians tape L I  p r even t

the escape of AICI
3
. The viny l tape was protected by further wrapping with silicons’.-

glass tape. The entire jar and contents were heated in the oven for three days,

after which the oven was turned off and the product allowed to cool to room tempcratul’s

7

-‘ 
—~~~~~~— ‘-



F

in about two hours. The silicone glass tape had deteriorated but no Aid 3 
vapor

had escaped. The aluminum foil had corroded and the rubber stopper had “hardened” .

The material in the jar was a relativel y clear material which had formed large

“needle ” crystals upon cooling . There was an opaque , dark grey, mass in the center

of the clear material. The jar was then broken and the solid mass that was obtained

was broken up with a cast iron mortar and pestle , followed by grinding to powder in

a porcelain mortar and pestle .

The opaque material in the center was believed to be uncombined NaC1, so

this ground material was reheated for three more days under the same conditions. At

the end of the three day period the jar was cooled and the material removed and

ground. This time the material was much more transparent. The total weight of the

above prepared NaAlCl4 was about 15 ounces.

Enoug h Cab-O-Sil was added to give a 107. Cab-O-Sil Anolyte. Since the

Cab-O—Sil did not disperse uniform ly, the entire mix was placed in a one gallon

ball mill jar and ball milled for one hour. The anolyte mix was then passed thru

a #4 sieve and replaced Into the reaction jar as a homogeneous mix. The stopper was

covered with new aluminum foil and taped into p lace. The anolyte mixture was heated

overnigh in the oven at 148°C. A small leak allowed some A1C1
3 
vapor to escape ,

causing destruction of the oven gaskets.

Since the Cab-O-Sil renders the anolyte material relatively soft , it was

easily removed from the jar and ground to a fine powder. This product was labeled

Anol yte #4.

These four anolytes were of sufficient quality and quantity for preliminary

testing. The large quantities of anolyte required for extensive single—ce ll tests

and battery construction were provided by FJSRL. Their anolyte material (also

containing 107. Cab-O—Sil) was used without modification , except in one case in which

Kaolin was mixed to furthe r increase visc osity of time molten anolyte.

8



CAI’IIOLYT E

A cat h o l y te  is  a porti on 5 f f  t he  c l e C L r i , ty t e  t h a t  i s  s p e c i  f i c a l l y asa c i a t e d

w i t l l  the ce l l  i’atl ’th’ and wh i ch ci rq,ailcs L I I O  re m C t d n L  ~ilmi cli I I I’ . I ls’m’ ,q l f ’b  t i le’ ‘e’Puct I’ ’!

re a c t  i n .  T h e  c i t l i ly te  f o r m u l a , w h i c h  was initially supp lied by FJSRL had t h e

f o l l o w i n g  c o m p o s i t i o n :

40.5 “In N a A l C l , 90/10 N i x

45.1 W
/0 MaCI

5

-
‘ 14.4 

W
/0 Grap h i t e

[h i s  s p e c i f i c  f o r m u l a  was l abe l ed  “ S t a n d a r d  C a t h m o l y t e ” L I  d l f f s ’ I’i’ n i , ’I te i t  r em

the experimental formulations.

Cat h o l y t e s  (Il and ~2 were both standard catholytes made with F,ISR L 11(1 ~Q

mi \. These were used in the early sing le cell testing .

One c a th m o l y t e  f o r m u l a t i o n  con ta ined  no carbon , bu t  the r e s u l t s  w e r e  S

poor tha t  t h i s  type of c a t i mo l y t e  was not  f u r t h e r  i n v e s t i g a t e d .

Catho ly tes  #3 through #9 were prep ared  to i n v e s t i g a t e  the c f f ’~~i~ ‘ I f

the  r o l a t i ve  amoun t s  of each of the c a i h m o l y L e  componen t s .  For each  of t i me c a t ho l yt e s

#3 through 518 , one component  Was e i t h e r  doubled in c o n cen t r a t i o n  f r  ha lved in

c o n c e n t r a t ion .  C a t h o i y t e  #9 was a s tandard  c a u l I ly t e  used as a c o n t r o l  u n i t  f i r

the tests.

Catholyr ’e #10 was the firsL catholyto made w i t h  Eu reka  fab r i c , n 5 ’cl N a A l C l 4 ,

and it had a formula sImilar t o  a standard cathnl ytu :

3-) .C(C’ A n I s l y t e  #1

44. 337. MoC I

l~ .7(5 Graphite
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t;~ m III lyte #11 was the first cathol yte used to make batteries. It

contained twice the normal concentration of MoCl
5 

and graphite:

13.5 gm Anol yte #4 25.4 
W

/0

30.0 gm MoCl
5 

5(- ~

gm Grap hite 18.1

A factor [al design stud y was performed on the cell data , and as a result

(ft t h is stud y another catholvte formulation was chosen:

NaAlCl
4 

90/10 M i y 26.12 
W
/0

W
MusCI r e8.05 1°

Grap h i t e  15.83 
W
/0

Fhmi s specific formulation was labeled “Battery Catholyte” and was used to make

batteries #11 thru #30 (excepting #27).

Battery #27 had cells made with 10 
W
/0 additional kaolin in the anolyte

and 30 W10 additional kaolin in the catholyte. The kaolin was added to increase

time antiflow properties of the electrol ytes.

The results of these electrol yte formulations , relative successes or

failures , and the relative advantages or problems associated with each electrolyte

will be discussed in the appropriate discussion of either the single cell tests

f r the battery tests.

COS’rS -

The main ingredient of the fusible electrolyte powde rs is NaAlCl4. This

is prepared from NaCI and anhydrous AlCl
3
. Cab-O-Sil is added to the N~~ lCl

4 
to .~~

make the “90/10 mix ”. Mallinckrodt , Inc., St. Louis , Missouri quotes;

NaCI,AR crystals (ACS), Code 7581

4 x 25 lb. case $0.46/lb.

100 lb. drum $0.2711b.

5 x 350 lb. drum $0.23/lb.
I

10
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Fluka Chemical Company quotes:

Anhy drous  A I CI 3, O. 8~ Fe , 7y ; , Cl
2

250 Kilo s $4.80/kilo

1000 Ki los $4.10/kill

5000 Kilos $3.60/kilo

Fisher Scientific Company , Chicago , Illinois quotes:

Anh ydrous A1C13, Catalogue #A-574

500 lb $105.68/lOO lb.

1000 lb $104.4SIIOO lb.

5000 lb $103.20/lOO lb.

10 ,000 lb $1O2.98/lOO lb.

Nozel Chemical Products Co., St. Louis Missouri quotes:

Cab-O—Sil , Eii—5

60 x 10 lb. bags $1.72/lb.

For as long as the above prices are in effect and for quantities normally

purchased for a production battery the cost of time raw materials in an anolyte would

be about :

NaCI - $0.104/lb. of anolyte

A1CI
3— 

$0.8391lb . of anolyte

Ctb—O—Sil — $0.l72/Ib . of anolyte

$1. 1151 lb .

Then a realistic estimate for the price of the raw materials in an anolyte

is $1.12 pee pound.

A catholyte is just a mixture of anol yte , MoC1 5 and grapim ite.

11
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Anl iC ile (1ie~~li cal Inc . , I W O  1 1 1 , III m o  is quotes:

M C I 5, particle size —40 ÷325 (420 microns to 44 microns) wiL ls

moisture content as low as possibl e

iurcll,I’ ; s’s le~~ t han 2500 l b s .  $11 .O O I l b .

h ’ u r c h i a s e s  h,eS wee”  5000 and

10 ,000 lbs .  $ 10.00 / lb .

l”i ~~l ie ’r ~c i e n t i f i c  Co . ,  C h i cago , I l l i n o i s, quotes g r a p h i t e , Ca ta logue

~ u~C , - r h— n 7:

500 lb $1l5.13/l00 lb.

1000 lb $111.90/TOO lb.

2500 lb $l09.95/lOO lb.

10,000 lb  $108.I2/l00 lb.

For ii h o g  as the ab ’ve prices are in effect and f r  quantities normally

purchased  E r  a pr m !uct  ion b a t t e r y  L i l c i  cost of the raw m a t e r i al s  in a ca tholy te

woul d  be about :

A n l y t e  — $ 0 . 2 9l / lb .  of Cathol y t e

- $( .3911b. of Ca tho l y te

- 
, , r a J I l , t i ’ -  $0 . 174/ lb .  of Catho lyt e

~f .8( ’ /1b .  of C a t h m o l y t e

Then a r e a l i s t i c  e s t i m a t e  for the cost of the raw materials in a catholyte

would be $t ,. SEi or ‘ ‘ loll .

Liuhm ium -al sim inu rn alloy is an experimental material and it  cost $90/lb.

during this ; ‘ i  ,~ s .  At this writing no quotes h as been received for production

amounts of LLA1 all y.

Two h e . m L  a’ urcea were used to make these hatter I C ’ S .  TIme Zr/BaCrO4 heat

soU~Ci’ is commo n pm (IlmOt ion item at h ’ u l ’ C’ k , l  mu d m p I t  estimat e 1 s f  th e cost of

the ‘‘so materi als in a pound i f  to i l O i l e r  i s  $‘~.2’ 15c r pound.

12



(BATtERY #30)

v

I l l o  F e /K C 1U , i s  not a crsnsnon product li ii iten at Eu r c i  1 .  f ’  ver , l ’ f i  i ’
4

Inc . N0 t u l  s and Composite PrI)duC Is , be’,, ’ Yo rk , Ne ’.’j Y o r k  q u o t e s:

Fe , i”ulc’red , NX—l000

500 lb $l . .85/lb.

1000 lb $L.12/lb.

5000 lb $11.40/lb.

In l°72 Trona Chemicals , Scim iller Park , Illinois quoted K C I I ’f , al about
4

$0.25 per ~ iond for 300 lb. drums.

If those prices remain in effect and for quantities normally I I ’ c I I ~f , i 1

for a production battery the cost I f thle ri’ ,’ materia ls in the F e / E C U) , h m e ,~t a ttic ’ ’

is roughly $9.15 per f e t Id.

In order to get a grasp of the price of the raw materials in an A1/Na,A1C1 4,’

MoCI
5 
battery a comparison will be made with the cost of the raw mater ials in a

production Mg/KC1 .L1C1/V 2
05 battery manufactured at time Euieka fac’iti~ ’,. h i s  is a

58 volt , 3.1 amp, 20 second battery that weighs approximately 0 .54 pounds a~d occu flf

about ~.2 cubic inch es of volume. The materials f t h e production i tem ‘ire C I ,

listed and their prices estimated.

Mp / K C l . L i C l / V
2

0
5

INSULATION - THERMAL & ELECTRiCAL $0.74

ELECTRIC MATCH ASSEMBLY $l .ff’~

CASE AND HEADER $l . fl4

CELL CONNECTORS $0.°l

CELL MATERIALS $1.0~

HEAT SOURCE 
_______

TOT AL $5. 7

It can be calculated that thu s battery ii Inn’s I. 7’~ wht r/ lb at a c a t

‘I f $5.76 whi chm is equal to $3.25/wimr .

13



vi

-‘

~~-~~--~~~~~~~~ 

- r
~~~~~~~~JLJL L J1JL~L~~~~~~J ,

~~~~~~~~~~~~~~~~

-

To estimate IIIC coat of the raw materials in the Al/NaA lCl4/M0CI5

batt ery a similar c icl i gurat ion wil l be L’ I l s id er e d .  Cunsid~ r a battery which

11’ ‘~I im ces  28 volts , 2 amps , wit h an e s t i m a t e d  l i f e  of 15 minutes  and est imated

wei ght f one pound. There is no reason to believe that anything other than

cllulveul iional mater i als will be necessary fo r  th is  ba t te ry  so time i n su la t ion , m a t ch ,

case , header , and cell connectors will be approximately the same ($3.77). ‘The

difference will be time cell materia ls and Lime heat source materials. Using time

previousl y estimated Costs for the cell material s and considering a battery with

fourteen 2.8” diameter cells the cost of the cell materials in one of these

Al/NaA lC l4 batte ries will be $1.05/battery. 
‘rhe heat source can be estimated at

$1.30. This would make the total battery cost (raw materials only) about $t .12.

‘fhi s battery will produce about 14 whr/lb at an estimated $0.44/whr.

A suninary of timis cost estimate is furthcer illustrated in the followi ng

tab le.

Mg/KCI-LiCl/V
205 

Al/NaAiCl4/MoC l
5

INSULATION $0.74 $0.74

MATCH $1.08 $1.08

CASE & HEADER $1.04 $1.04

CELL CONNECTOR $0.91 $0.91

CELL $1.08 $1.05

h EAT SOURCE $0.82 $1.30

$5.67 $6.12

COST/WhIR $3.24 $0.44

TABLE I - ESTIMAt ED COST OF RAW MATERIALS

14
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SIN(;LL CELL tESTS

S irIl ti e cel l construction and lest Lag provided time opportunity to )‘;m in

experi ence in time processing and handling of tl1e raw materials , as well as a

relativ ely simp le means of experimenting wi th the electrochemical system . The

fi nal cell parameters were established on thue basis of these tests , and methods

1 testing and evaluating battery performance were developed from the si ngle cell

t es t s.

lif e cells were made by compacting dry powders into the form f a three

or f u r  layered disk. Fbie top layer was the anode material , time middle layer , the

ano ly te , and the bottom layer , thce ca tbol yte. The fourth layer , when utilized

was a layer of nickel dust , which then became the top layer of the cell. li m e cells

‘.‘ere made [ri m the dry , homogeneous , powdered components in the f o l l o w i n g  m a n n e r :

a I” diameter circular die was equ ipped  wi th a t ight fitting , but movable , bottom.

The bottom layer of the cell , the catholyte , was weighed on an analytical balance

and l ured into the die. The die was then gentl y shaken until the surface of t i l l ’

powder was level. Then a tight fitting , but movable , ram was introduced intl the

die and the level catholyte layer was compacted with a hydraulic laboratory press.

Ihe ram was then removed and time middle , anolyte , layer was weighed , poured into

the die , leveled and compacted. The remainder of the cell was comp leted in the

same manner. Pressure was then reapplied to the ram until the movable b ” tt an was

removed and the comp leted cell was pushed out of time die. All of t h m ~ c e l l s  t e s t e d

were made by essentially this procedure. Deviations from this method of cell

fabrication will be noted where appropriate .

The purpose I f  the initial cell tests (#1 u l I r up, II #8) was to, develop

appropriate test methods and to become familiar w i thm t h e operation characteristics

of this electrochemical system. Subsequent tests (#9 th roug h #19) were performed t o

15
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observe ti Le effect of var i a t i ’ I m I  itt compes  i,L ion of t 0 cell components.

‘ ii’  si ng le c,’ l 1 t e s t s  r ’ ve l L I  be suffic iently reliable and reproducible

LI  serve ‘ I C  c r i t , ’t i a f i r suggesting new cell materi el a. A factorial design i l u d ’ ,’

of t h e  p e r  f ’ t ” p , m r i c e  of a serlee of sing le cells was carried out , and no’.’: cells

h e s i g n e d  on t i r e  b a s i s  0f Life results.

Si n - f e  Cell #1 was made in a one incbm diameter circular die with 20,000

PSIC on a Ca rver Laboratory Itres’1 . See Fi gure 1. the cell formula was as fol lows:

Anode : 1 gm LiA 1 alloy (20 
W

/0 Li)

Anol y t e:  0.90 gin NaAlC l4 90/10 mix

C a t h o l yt e :  -1 .45 gm NaAICI
4 
90/10 mix

0.50 gin MoCl
5

0.16 gm Grap h i t e

This cell was tested on the old single cell tester. This apparatus consists

I two heated , I” x 3i ,~ d i ,1 . p latens , spr ing  loaded to keep cons tan t  p res su re  en the

cells. ‘rime cell was tested with a 25 ohm load and a p la ten tempera ture  acc identa l l y

Set  at  4 ’ 3 O O .  A f irpe amount of noxious fumes were evolved , so thie test was

te rminated and the fuming cell quickly removed from ti-me dry room.

S i n g le Cell #2 was constructed in an attempt to reproduce the work done at

Seiler. First a catholyte was made up of 4.5 grams NaAlCl
4 

90/ 10 mix , ‘3 .0 grams ‘f

M C I 5, and 1.6 grams of graphi te. ‘li ds was shaken togeth er in a one pint jar and

ca lled catholyte #1. The cell U roula was as follows:

Anode : (1 .375 gin NaAIC i
4 90/ 10

i ).373 gm LLA 1 Alloy (20 
W

/ , )  Li )
2.25 gin cell

An o v I e :  Q~~, 75 gm NaAlCl
4 

90/10

Catholyte: 0.-i l ) gin Catiuol y tt’ #1

l’s



This ce ll was tested at 200°C , with a 25 ohm l ad .  “In gassing was

observed . Single Cell #3 was similar to Sing le Cell #2 , but due to a recorder

malfunc tion only two data points were taken: 1.53 volts at 310 seconds an’) 0.2E ’

volts at 3500 seconds.

Sing le Cell ~t4 had the same cell formula as Sing le Cell #2. Tl~e results

were as follows :

IT = Peak Voltage = 2.07 volts (Peak Voltage is maximum voltane ,).

= Life to 80’L Peak = 3 3/4 m m .  (Life is the time from peak i i

t 70 = Life to 707. Peak = Il 1/4 m m .  807~ or 707. of peak).

R = L o a d = 2 5 ohin s

To = Initial Temperature = 200°C

I Current at Peak 0.0’3’l steps
p

C.D. Current Density = 0.016

R
111111 

Internal Resistance Not Measured

The cell area is 0.7854 in2 or 5.067 cmn
2
.

Sing le Cell #5 was a Mg / V
2
05 c o n t r o l  sample. The cell f r - m u l l w a s :

Anode : 0.428 gm of 887 Mg & ‘127 KC1-LiCl mix

Anolyte: 0.964 gm 1/3 Ed , 1/3 L1C I , 1/3 Kaolin

Catholyte : 0.857 gin 1/6 Ed , 1/6 LiCl , 2 / 3  V
2
0
5

This cell was also pressed in the I” diameter die a t  20,000 PSIG and t h e n  tested

at 450°C. The results follow:

V = 2.73 volts To = 450°C

t:o = 1 5/8 m m .  I = 0.109 amps

= 3 5/8 m m .  C.D. = 0.1)211 amps/cm2

N = 25 nbm s R INT = N I  Measured

I t  

-_ _ _ _ _ _
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Sing l e L~ 1 #6 lied t i l e  saow~’ cell formula as S in g le Cell 22. The I o il ) was

c h m . ,oig~- I h l i i: 2 5  ‘he to 0.11 ohm in order to peL a d i f f e r e n t  c u r r e n t  d e n s i t y  r e s u l t , .

lime resul ts were

V 0.55 volts F ,  = 200°C
I)

- - 1,4  i n i r i .  I 0.87 ampi~l) p

1 70 = 1/2 m m .  C.D. = 0.1o4 amp/cm

I) = 0.eh ohms

iore l’gy de :siti es were determined for Cach of t i m e  r e m a i n i n g  cell tests ,

and at ‘ 0 1’  : I 0d over t imc i  i u’mtervals converi ng 107. decreases f r o m  peak I t  01:0.

\“ ‘lt ages were as r l lL ’ i e (:h to vary linearly over time s-c ranges , and tite mean value of

maximums and mimiimnum voltage was Laken as the average voltage for time interval.

Since Energy = Power x time , arid

Power = I V ,

F

amid a =

V21
then foe : ,‘,y = —j ——-— , and

E n e r g y  D e t l s i t y  = E / m  = -
~~~~~

~‘he r’e IT mv ( rage voltage (for each 107. i n c r e m e n t)

t = time ( h ut’ -,)

R = resistance (ohms)

L 

lii ram as ( ( ( ‘ ( ( l i d S )

[ I I I  i rite, ‘ al t oni a t  m ci- s were  u u ue a su r e d  by  l i l m e l ,  Lou ly di scilt IrlI cling tha~

load and observing the change in voltage .

/ ~~~, \ R
1~ ,1 

= I r u t e r n a l

K , - -- -- 1 <  ( R )  V N o — L o a d  V o l u , i g eliD 
~ ~ f V R = V l i n e  W i t h  Load

= h i l t  r e n t  l ’hm ru Load W imen V I  u
Eq u a l s  V

RH = I. ’ dli ((‘Ci s t a n ce

20
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Sing le Cell #7 had the sante cell formula as Single Cell #2 but contained

no NaA1C I
4 

i n  the anode. The results were :

- (watt hours)V = 1.43 volts El m  = Energy Density =p ( pound )

= 105 seconds 0.92 whr/lb .

= 230 seconds = 26 .0 ohms at 70 m m .

= 25 ohms

To = 200°C

I = 0.0692 amp

C.D. = 0.0137 amp/cm 2

It was observed that Sing le Cell #7 did not appear to have good contact

with the Ni lead. Also the anolyte layer was uneven.

Single Cell #8 had the same cell formula as Single Cell #2. However , care

was made to keep each cell flat and level , and Ni dust was dusted on the anode side

to give better contact with the Ni lead. The results of Single Cell #8 follow :

V = 3.25 volts E/m = 4.34 whr/lb.p

= 25 seconds = 1.5 ohms at 2 minutes

t70 = 120 seconds = 2.17 ohms at 8 minutes

R = 25 ohms

To = 200°C

I = 0.13 amp.
p

C.D. = 0.0257 amp/cm2

Single Cells #9, #10, #11, #12, #13 were constructed like Single Cell #2

except for varying amounts of NaA1C14 90/10 in the anode. The amount was varied

from 5’/, 107-., 15% , 20% and 25% with Sing le Cell #9 varied the least amount and

Single Cell #13 varied the greatest.
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Some of the data for Single Cell #llwere lost due to recorder failure . N”

correlation between the percentage of NaAICZ 4 in  tile anode and performance was found

with this series of tests. Sing le Cell #13 was notable because 111 th e high voltage

and short life. Single Cells #9 thru #12 were made in one day and stored overnight

in a vacuum oven at 160°F. Sing le Cell #13 was made the next day and tested ininediatel y.

There was also some fuming with Single Cell #13 , but none with the other four cells.

It is believed that the vacuum oven caused deterioration of some component of Cells

#9 thru #12. Due to the noxious , colored fumes which were formed when Single Cell #13

was tested it appears that MoCl5 was the af fected ingredient .

A Standard cell was prepared with the following formulation:

Anode = 0.750 gm LiAl Alloy

Ano lyte = 0.675 gm NaA1C14 90/ 10 mix

Catholyte = 0.833 gm Catho lyte

It was found that dusting the anode surface with a gram of Ni dust gave

better electrical contact with the Ni cell lead so this has been done in each case

and this procedure should be considered as part of a standard cell.

Single Cells #14, #15, #16 and #17 were made to test the effect of vary ing

the ratio of the anode mass to cell mass. In Cell #14 the mass of the anode was 
I

’

reduced 207, from that of the standard cell and the difference in weight was added

to the anolyte.

Sing le Cell #14

Anode = 0.600 gm LiA1 (207-.)

Anolyte = 0.825 gm NaA1CI4 90/10

Catholyte CO 0.833 gm C~ tho1yte #l

Single Cell #15 was made with an anode only 107-. smaller than a Standard

Cell , and the difference in weight was made up in the anolyte.
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Single Cell #15

Anode = 0.675 gm LiAl (20’!-.)

Anolyte = 0.750 gin Na.A1CI4 90/10

Catholyte = 0.833 gin Catholyte #1

Sing le Cell #16 was made with the anode weight cut 50% (0.375 rug) but the

anolyte was only 0.350 gm larger. This was an error , and this cell was 0.25 gm too

light.

Single Cell #16

Anode = 0.375 rug LiAl (20’!-.)

Anolyte = 1.025 gin NaAlCl4 
90/ 10

Catholyte = 0.833 gin Catholyte #1

Single Cell #17 was made with the anode weight 667, less than Standard and

the difference in weight made up in the anolyte.

Single Cell #17

Anode = 0.255 gm (207,)

Anoly t e  = 1.170 gm NaAlCl4 90/ 10

Catholyte = 0.333 gin Cstholyte #1

The results of these four single cells can be found in Table 2. It can

be seen that the two best cells were #15 and #17. These each produced twice as

many watt hours per pound as the other two. Since these two cells were the extreme s

of the series no trend can be seen. Cell #14 was 0.3 volts higher than the other

three. Cell #15 had the longest t80, t70, t60, but Cell #17 had the largest t50.

No conclusions about anode ratio could be made from these tests.

Single Cell #18 was made with no carbon in the catholyte . These results

are also shown in Table 2. The voltage was very low and the life time to 70% of

peak was 7 seconds. The internal resistance was noted to be 289 ohms at 500 seconds.
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An interesti ng observation was made during the internal resistance measurement.

W1 CCn tire load was removed , at 0.16 volts , the voltage recovered exponentiall y to

about 1.68 volts and leveled o f f  for about five second s to form a p lateau. Then

tire voltage made another exponential rise to 2.0 volts , then formed anothe r plateau.

When the load was reapp lied the voltage dropped immediately to 0.16 vo l ts  again.

Ibis cycle was repeated three time s and the plateau was always observed in the

voltage recovery . See Figure 3. Figure 4 shows a more typical discharge curve.

Single Cell #19 was made to test the e f fec t  of dusting Ni on the cathode

side of the cell. The results were not very dramatic and the procedure of dusting

Ni on the cat hode was discontinued.

Single Cell #20 was made to test  Anolyte #1.

Sip~ le Cell #20

Anode = 0.750 gin LiA1 (20 w /o Li)

Anolyte = 0.675 gin Anolyte #1

Catholyte = 0.833 gm Catholyte #2

The supp ly of Catholyte #1 was dep leted at this point. Catholyte #2 was

prepared from the same materials as Catholyte #1, and had the following composition :

Catho lyte #2

13.5 gin NaA1C1
4 

90/10 (FJ SRL)

15.0 gm MoCI5

4.8 gin Graphite

As can be seen in Table 2, the voltage was excellent and the life time

and energy density were about the same as the cells made with FJSRL anolyte . There-

fore it was concluded that this anolyte was acceptable material and its method of

preparation was adequate for this program.
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Sing le Cell #21 was made to teat Anolyte #2. ‘fin s ano l yte ~:us made wi th

Eureka N A1CI
4 

and was darker grey than Anol”Ce #1. It was a standard cell.

Sing le Cell #21

An, di_ - = 0.750 gni L1A1 (20 
W
/0 Li)

Anolyte = 0.675 gm Anolyte #2

Catholyte = 0.833 gin Catho lyte #2

The results of this cell test are recorded in Table 2. It can be seen

that Anolyte #2 performed almost identicall y like Anol yte #1. Since it performed s--

well it was used as the anolyte in the next eight cells.

~
i_’ Lt1C the next series of four cells , Sing le Cells #22, #23 , #24 and g25 t i C

mass of the anode was made progressivel y smaller. It had been noted in the

mortun’n examination of all of the previousl y made cells that the anode was not

comp lete ly consumed. Cell #22 was made w i t h  the anode weight Cut 50’
~ and the w e g LL

difference made up in the cathode.

Single Cell #22

Anode = 0.375 gin LiAl (20 W 10 Li)

Anolyte = 0.675 gin Anolyte #2

Catholyte = 1.208 gin Catholyte #2

This is s imi la r  to what was done with cell series #14 thru #17. In This

case , however , the voltage was over three volts and the energy density was h i gh er
a

than any test made up to that time (See Table 2). Sing le Cell #23 was the n (-\t

step in the progression.

Single Cell #23

Anode O .?7 gin L iAI (20 W /0 Li)

Anolyte 0. n 7 5  gin ~ , I l v t n -  #2

Catholyte -i_ 1.308 gin C i t  l I ’ I l~~ t t  e2
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This cell h a l  tine second hi ghes t v’,l roge of aTC\ ’ cell so far tested. The

h igi n-e t v’’ltage was the 3.25 voli s~~~~t Sing le hell #8, but th i s cel l  had an energy

densi ty of only 4.34 ,:hr/lb. a c r as s  tine interval  frIllS peak v & l t age  ill lOh of peak

voltdgll . Sing le Cell #23 had a voltage 1)1 3.17 volts , bu t it also had a C - ur ic- nt

density  of 2 ’~.0 mA/ cm2 and an e ,c -r gy d I - l i n i ty  nf 12.5 wI l r /lh.

Since tine anode layer was becoming quite thin it was decided tIC kee1, the

h - we r  limit at 0 . 2 7 3  gin and beg in expe r imenrat i - n ‘n reducing the cathode “ i -~~’- . Tine

difference in cathode weight was made up in an anolyte wi- i C - lI t increase .

Sing le Cell #24

AII”IIC = ).275 gin LIAT (20 W 10 Li)

Anolyte = ).983 gin AnoL yte #2

Catholyte = 1.000 gm Catholyte #2

This cell had a voltage slightl y lower than the others (2.80 volts) but

the energy density was hi gher than any previously observed , 13.7 whrflb.

Because Sing le Cell #24 produced such favorable results, another cell was

made with an even smaller cathode and larger anolyte layer.

Sing le Cell #25

Anode = 0.275 gin LiAl (20 
W
/0 Li)

Anolyte = 1.483 gm Anoltye #2

Catholyta = 0.500 gin C0t li”l yte #2

This cell performed well , but the voltage dropped off to 2.30 vol ts  and

t h e energy density to ‘1 .67 whr/lb.

Some conclusions could be made about the configur irt i”n of the cell. the

anode was too massive. This excess  mass absorbod calories but d i C h  not produce energy .

The anol yte mass to cathol yte mass ratio is n-’t  at optimum.
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A t this time a quantity ~t 2b ~ /o Li,S i at  l )~ W a s  te-~ eived at the Luri ka

facility. To test this new all y Siug lc - Cc-li n/2C was made.

Sing le Ge l I n/ h!

Anode ,J.750 gm LiA 1 (28 
W
10 Li)

AnoL yte = 0.675 grIn Anolyte #2

Cathol yte = 0.833 gm Catliol yte #2

As can be seen in Tab le 2 this was an excellen t cell. It m ad a voltage

of 3.01 volts and energy dens i ty of l0.li wlnr/lb . to 50%. This energy density was

higher than that of any otlier standard cell.

Since the 28 
W /0 L1A1 alloy aade such a good cell another cell was made

but with the same cell formula as Siu 0ie Cell #2~+.

S ing l e Cc-Il ~‘i~~i

Anode = (1 .275 gnu LiAl (28 
W /0 L i)  -

‘

Anolyte = 0.983 gm Anol yte #2

Catholyte = 1.000 gnu Catllol yte #2

As expected the voltage was 1-050 1- but the energy density was highe . This

cell had a voltage of 2.68 volts and an energy density of 14.3 whrJl,b. to 50/,.

Sing le Cell #h’ i was a repeat of Sing le Cell #27 except that it was noted

that the LiAl alloy (28 iS
10 Li) was a darker ( ‘h r due to a few days storage.

Nonetheless thi s cell had a Ini gher VoiLage than #27, 2.85 v Its , and t i ne l n i ghc-’~ t

c- Clergy density of any cell t,Inern t 1 - ~~t c - , i , 20.c- win s/lb. (See ‘I’able 2)

Sing le Cell #28 wa -a consLructed W L L I I  an anode -‘ I pure Al i’-n rt i cie~- . N ’

sill a n t , was made to rernhIve thii, ’ 11 0 i 1 i  i vo l  ‘ ni i  la’ve r from t h e  aluminum , lin e cell output

was poor (Tab le 2).

Single Ce l l  #28

An Ide = I) . 150 grin Al

A ll ’ ’  1 5 1 1 ’  = (I. h7 5 gin An , 1 ‘ i  ~

Cathiol yte 1I . % 3 i  ni h ’ i n 1  l i - l yl e 12
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S i n g le Cells #30 , #3 1 , & #32 were made to test the performance of Anol yte

‘ “ . Sing h- Cell #30 was a Standard Cell made from Anolyte #3 and Catholyte #2.

II(~ anode was LiAl alloy (28 W /0 Li). Ilie peak voltage was 2.40 volts , and th e

life t o  80% of peak voltage was 319 seconds. ‘ibis was because the usual high

e ltage peak at tire “uset f activation was almost absent and the entire discharge

curve was f l a ti  o r .  However , the life to 50% was only 2710 second s, and so the

energy density  was 16.2 whr/Ib.

Sing le Cell #31 was made similarly to #30. However , in this test the peak

voltage was a little higher , 2.55 volts , and the life to 80% was shorter , 163 seconds.

The shapes ‘f the bulk of the two discharge curves were almost congruent , but the

slightly higher initial peak of Cell #31 was enough to seriously slnorten the effective

( 8 0 ’ )  life . The energy density of Sing le Cell #31 was 13.9 whr/lb. to 50 ’h.

To this point , Anolyte #3 did not appear to be as good as Anolytes #1 &

~~~ h O .  The vol tages for both test cells were lower than expected. Since Sing le Cell

#23 had been a high vol tage cell , Anolyte #3 was used to make a cell with configuration

similar to #23.

Single Cell #32

Anode = 0.275 gin LiAl (28 W /0 Li)

Anoly t e  = 0.675 gin Anolyte #3

Catholyte = 1.308 gin Catholy te  #2

‘ihe voltage of cell #32 was similar to t inat of #30 and #31 , 2.46 vo l t s ,

hut tine life time s were increased . 325 seconds to 80% and 3731 seconds to ~O .  This

resulted in an energy density of 21.5 whr/ lb. to ~h l ”,,. Tire long l i fe was caused l’s

two I actor-;. The f i rs t  factor was that the initial h igh s’ i l l  m gi- - a r k  was Fe Lit I ye Is

sinort mi ntl broad. The second factor was th at, the discharge from th is  peak t ’  50/ ‘ 1

-a- ak s~s n ; ;m i ’ ’ N- linear t lnan for Single Cells #30 (Cr #31. Si ng le Cells 1/ (I) & ~I ’1 l

n I)I)i’an(-ch I ‘ ‘  inave -n more exponential dl sc irarge in t u e  C o g  ‘ ‘ ‘I .
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After testing cel ls #30 , #31 , & #32 it could be concluded that lower

vo ltages could be expected from Anolyte #3. Since approximatel y a pound of finished

- 4 
Anolyte #3 remained it was used in the next series of seven single cells and in tire

series of seven after that.

Single Cells #33 thrsi #39 were made to test the formulation of the

catholyte. A “Standard” catholyte has composition as follows :

Component Wt. Wei ght 7. Mole 7.

NaA1C1
4
(90/l0) 13.5 gin 40.5% 12.2%

MoCl
5 

15.0 gm 45.17. 10.6%

Graphite 4.8 gin 14.4’n 77.27.

Total 33.3 gin 100% 1007.

Variations of this standard formula were used to make seven catho lytes ,

catholytes #3 thru #9.

Catholyte #3 had twice the amount of MoCl
5 as the standard catholyte:

13.5 gin NaA1C1
4 
90/10 (Anoltye #3)

30.0 gin MoCl5

4.8 gin Graphite (Fisher G— 67 , Grade #38)

Catholyte #4 had only one half standard quantity of MoCl
5
:

27.0 gin Anolyte #3

15.0 gm MoCl
5

9.6 gin Graphite

Catholyte #5 had twice ti-ne standard quantity of graphite :

13.5 gin Anolyte #3

15.0 gin MoCI5

9.6 gm Graphite
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C , i ; I I ’ I v t s -  #6 had one half standard quantity ‘ 1  grap hite :

13.5 gin Anolyte #3

13 .0 gin MoC I
5

- i  2.4 Grap h i te

• ( IL1(I ly te #7 m ad t w ice tire standard quant i ty  ‘,f a :;elvtt ,

27.0 gin Ano lyts- #3

l .h) gin MoCl
5

4. 8 gm Grap hite

( - a L i n o ly t e  #8 had ‘‘tin ’ half t i le standard quantity ‘ 1  anoly t e :

l3.5 Anolyte #3

30.0 gin MoC l5
‘4 .1 gin Graphite

,:it i i ’ ’ l yt n ’  #9 ~as the control cathol yte and it was made up l ike a Standard

C~’ntlmolyte

(.5 gin Anolyte #3

l~ .0 gm MoC l
5

4.8 gin Grap hite

A c&-ll ias made from each ‘f the catho lyte materials. These were Single

Cel ls #33 thru # 3 1 . Single Cell #33 was a standard cell made with 28 ~~/o  LiA l and

Cat l~~- l yte Si tt , ;le Cell #34 was made with Cathol y te #4; s ing le c~ 11 #35 was made

w i t h  Gin t l l I ’ l V t I ’  #“ , - - ‘ . Anol y t s -  #2 was used for all tine cel l - ; , l if t  resu l ts  f

t int,-i,e cc l i  ‘b e s t s  can be found i,n Table 3.

S i n g le Ccl i  #33 m a d  tire h ig h e s t  peak v’ ,l Loge , 2. 38 vol ts , and was L i  1I wo ,l

clo sel y by # 38 w l thn 2. 3 1 s ’ , ’ l t , - . #34 had I l l’  I ,w est v ’ l t ; n g n -  wit i ’n 2 .14 s i t s ,  ‘hi’

n ’ri;I i nn  ‘q- , cells p t  ‘ ‘‘laced voltages gr tips- d around 2.35 V I)  It - - . # 3 11 had I ’ l l  I V  a nt, I l lS - S t

v,, l t a ~’n’ , 2 . 3 7  vcn l t s , but had tine longest i f 1 - , HI ~~ i ’ ,, tt1l ~ to 8 0 - - an d -3441 ses 111!;

t, ,  ‘301, m i , ’ . I l r i - ~ long Li fe ~ iv~- #3 9 an energy I1t’l i ! i l ty ‘f 22.1 wi n r /i h. I l l  

C’ — —‘-—----— ~~~~~~~~~~~~~~~~~~~~~~~~~~
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i’he next best cell was #33 wit h II , . 3 wlrr/ lb. to 5O~~. #34 was the cell with n e

lowest voltage .

Seine conclusions can be made from this series of tests .  The best cell

was tire standard cell with the standard catholyte. Tire poorest cell had only one

half of tire electrochemically active ingredient MoCl
5.

A second series of cells was made with these catlnolytes . This tins- the

cell conf iguration was like Single Cell #23, the high voltage cell . Single Cell #40

was made with Catholyte #3; #41 r-ias made with Cathol yte #4; #42 was made with

Catholyte #5; etc. The results of Single Cells #40 thru #46 are given in Table 2.

Tire higher voltage cells were #45 at 2.80 volts and #40 at 2.76 volts.

Then , #42, #43 & #46 had voltages of 2.64, 2.64, and 2.65, respectivel y. Tire lowe-at

voltage cell was #41, with 2.12 volts. There were two cells with excellent c-nern - ,v

densities , #42 and #46 with 21.4 whrf lb. and 20.7 whr/lb. , respectively.

As with the previous series the cell with th~ standard catholyte was nile

of the better cells. Also , the cell with only one half tine standard quantity of

MnC1
5 

was not very good. But unlike the first series of cells , the one wit ’ o”uhle

MoCl
5 

was not particularly good , and tine one with double graphite was ti-ne best in

the second series and was not particularly good in the f i rst  series. It can be

observed that the second series was , as a whole , better than the f i rst  e e r i e ” . It

is also interesting that #41, with on ly half the standard MoCl 5 had a respectab le

807. life . This was because of an unusual , low vnltage , double peak at act i \ l t  ‘ - c - .

This was also the case with Cell #39 , the contro l cell in series #1. It -‘n~’~tc-at ’s

ti-nat the e f fec t i ve  l i fe to 80% ‘If peak voltage can be increased by leveling the

initial inig in voltage peak . Of course , an even b e t t e r  way t ”  im )ir ’vc tine ce l l  would

be tin broaden th is peak. in every case tire arl- ,n a f t e r  this i nit nI pn-~ k was iii i t ~

l inear and desirable f”r a long l i l n -  b a t t e r y .
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Sing le Cell #47 was supposed to be a repeat of #42 but it contained onl y

0.833 gin catinolyte instead of 1.308 gm. Sing le Cell #48 was a repeat of #42. Note

that while the voltage was only 2.42, the life to 60% was 2334 seconds so that an

energy dens i ty of 14.3 whr/lb. was reached (but to 607. instead of 50%).

A new cell making technique using a Studebaker hydraulic press instead of

a Carver laboratory press was tried. Single Cell #49 was made and tested to examine

this technique. This cell had the following formula:

Anode = 0.275 gm LiA1 (28 W /0 Li)

Anolyte = 0.675 gin Anoltye #1

Catho lyte = 1.308 gin Catholyte #10

Catholyte #10 was made with this formula:

Anolyte #1 = 39.90 W /0

i4oCl
5 

= 44.33 W /0

Graphite = 15.76 W 10

‘rhe pressure on the Studebaker gauge was 1200 PSIG. The results of the

test were as fo llows :

V = 2.36 volts
p

Energy Density = 10.5 whr/ lb .

R
1~~ 

= 4.29 ohm

Cel l #50 was made with the pressure settings on the press at 14,000 PSIC ,

15 ,200 PSIG , 16 ,400 PSIG , and 17 ,400 PSIG , eacin pressure corresponding to that

app lied to successive layers of the cel l. This cell had a higher voltage and lower

internal resistance , 2.69 volts and 1.12 ohms respective ly, ~ird it was concluded

that this was a suitable technique for making cells.
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A series of f ive cells , from qF5 1 thru #55 , were made and tested w itln tire

intent of determining the e f fec t  of reducing the overall weig h t  of tine cell. Each

cell in the series was 10% li ghter than the one preceding it.

Sing le Cell #5 1:

Anode = 0.247 gin LiAI (28 ~ /o Li)

Anolyte = 0.607 gm Anolyte #1

Catho lyte = 1.177 gin Cat}’rolyte #10

Single Cell #52:

Anode = 0.219 gin LiAl (28 w10 Li)

Anolyte = 0.539 gm Anolyte #1

Catholyte = 1.046 gin Cathrol yte #10

Single Ce ll #53 :

Anode = 0.191 gin LiAi (28 W /0 Li)

Anolyte = 0.471 gin Anolyte #1

Cathol yte = 0.915 gin Cathol yte #10

~~~~ie Cell #54:

Anode = 0.163 gin LiAl (28 W /0 Li)

Anoly te = 0.403 gin Anol yte #1

Cathol yte = 0.784 gin Catholyte #10

Sing le Cell #55:

Anode = 0.136 gin LiAl (28 W /0 Li)

Anolyte = 0.335 gm Anolyte #1

Catholyte = 0.653 gin Catirol yte #10

The results of these tests , Sing le Cells #51 thru #55, can be found in

Table 2. There were no easily recognizab le trends through tire entire s e r i e s .  F,’r

examp le , the heaviest cell had the lowest voltage and tire lightest ct-Il lied a inigh

voltage , but not the highest. And tire ce lls in between showe d no correlat ion at

al l between cell wei ght and vo ltage . Tire ineaviest cell did have tine g rn - ann-n ;t
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energy density , 17.2 winr/lb. to 60%, but tine lightest cell did not have tire least.

In fact , Lw” otiner heavier ceils produced lower energy densities.

Upon reflecting over past cell series and past Single Cell results it

can be seen that the cell outputs are too unpredictable for any real analytical

work. By observing the discharge curves it is noticed tirat the curves are all very

similar in ti-ne reg ion from 90% to 507.. All of the variabil i ty come s from the height

and width of the initial ini gh voltage peak.

This initial peak is an unexp lained characteristic of this system. It

could be caused by the rap id heating of the cell in the Single Cell tester , from

the presence of moisture in the cell materials and during the cell testing , from

the use of LiA1 as an anode material , from impurities in the electrol yte , or from

incomp lete reaction of the NaCl and A1C1
3 

to form NaA1C1
4. Whatever tire cause , this

initial peak has been present in almost all of the cells tested so far. Work done at

FJSRL indicates that the spike is caused by a surface reaction with ti-ne Li in tire

LiA1 anode.

Another series of cells was made to test the effect of temperature on tine

operation of the cells. These were Single Cells #56 thru #62. Sing le Cells #56,

#57, #58, #59, #60 and #62 all had the same composition.

Anode = 0.750 gin 28% LiAl Alloy

Anolyte = 0.675 gin Anolyte #1

Catholyte = 0.833 gun Catholyte #10

Included in , but not a part of , this series was Single Cell #61 wh ich

was made to test Anolyte #4.

Single Cell #56 was tested at l50°C. it  m ad a very low voltage of 1.27

volts and very poor energy density of 1.3 whr/lb . to (8)3. This was because of an

internal resistance of 21.5 ohm s at 180 seconds. Single Cell #57 was tested at

174 C and Win S a volt inigher , 2.22 volts , with an eTo- rgy d e n s i t y  ‘f ‘~.2 w h r / i b .  t I ,  (‘(I ,.
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S ing le Cell #58, at 204
1’C , had n’ even inigher voltage of 2.43 vo l t s  and ene rgy

densi ty of 7.6 whr/lb . to ~~~~ Sing le Cell #59 was tested at 212
1
C and had a

voltage of 2.42 volts and an energy density of 8.6 whrllb . to 607.. Single Cell

#60 was at 230°C and had a voltage of 2.47 volts and an energy density ,,f 8.1

whr/lb. to °“4. Single Cell #62 was at 255°C and had the highest voltage , 2.78

volts , but had an energy density of 1 .4 whr/lb . to 603,.

Single Cell #61, which was to test Anolyte #4 was discinarged at 2 31) I i .

It had an excellent voltage of 2.71 volts and energy density of 13.2 whr/lb . t I o(h1.

It had an internal resistance of 0.87 ohnr at 610 second s and an energy density of

22.5 whr/lb . to 50%.

The next series of cell tests were run in an attempt to improve the

ef fect ive life of the cell by removing the initial high voltage peak . As i-las been

previously noted thi s high voltage peak was tall and narrow and seriously interfered

with optimizing the energy density . An attempt was made to “burn off” or consunne

this peak , then cool off the ce ll , and , then, to test the cell again.

This procedure was somewhat successfu l. The cells were brougint up tn

200°C quickly and the peak voltage was noted. The load was immediately disconnected ,

the cell removed from the single cell tester and p laced between two large metal (ic-nt

sinks to cool. After the cell was cooled to the touch and 0.0 volts read on the

voltmeter the cell was again put in the single cell tester and brought ui-n to

temperature.

This was the procedure followed with Sing le Cell #63. Single Cell #63

was a Standard Cell made with Anolyte #4 and Catholyte #11. Catholyte #11 was made

wi tir tin s formula:

13.5 gm Anolyte #4

30.0 gin Mod
5

1 .6 gm Graph ite
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i~l,eii tine hot cell was removed from the anvil noxious red fumes were forming.

ihn ese condensed onto a glass plate to a pink solid . Some of this pink material

turned blue overni ght in tire dry room winile some of the material remained pink for

at least a week. Tin s cell had a voltage of 1.80 volts but ti-ne 807. life was 805

seconds. This gave an energy density of 14.3 whr/lb. to 702..

Single Cell #64 was a “battery cell” , that is , it had the configuration

chosen for the first battery test. The composition was as follows :

Anode = 0.248 gin LiA1 287.

Anolyte = 0.608 gm Anolyte #4

Catirol yte = 1.177 gin Cati-rolyte #11

The same “burn off” procedure used for Single Cell #63 was used with #64.

This cell had a sligirtly higher voltage 1.92 volts but due to a higher internal

resistance (1.42 ohms instead of 1.04 ohms) it had about the same energy density

of 14.6 whr/lb. to 70%.

Sing le Cell #65 was a repeat of #64 except that every effort was made to

disconnect the load at the exact peak voltage. The output of this cell was 2.24

volts with an energy density of 8.4 whr/lb . to 807. or 18.9 whr/lb. to 60~.

Single Cell #1,1, was similar to 1164, & #65 except that the cell was “burned

“ff” with n” load , that is , an open circuit. The cell was removed from the single

cell tester when tire no load peak voltage (3.63 v) was reached. This cell , when

tested , had a voltage of 2.04 volts and energy densities of 8.S whrllb. to 807. and

14.6 wbnr/lb. to 1,0 -1.

Sing le Cell #67 was simil an - to #n,4, (i’-’ arid #66 except tire “burn off”

procedure was altereci . The cell wi ,; c,,nncct ed t ’’ no I , ‘ n,i (t’’.ceI’t tine vol m i t e r )

and when tine cell reacine, no load ‘,- - nk C t .’ ’ volt- - ) i t  was not disconnected. This

peak fel l  o f f  to 2. ‘i volts wit hni n three- m l  , , n nn  c - - ,. ~ ls- , ,  t i ne c e l l  to nt nined tin s

vo ltage for  ‘‘On - u I  t i l t  n- t i n t  ‘ ; - - k  w e , c o — i ’  n-r i- ni burned - I  I i innl tine ct - Il was t he n

remo ved from the s I ngl n- ce l l  t , ’  - ‘ - u  , - - ni , ,,,I test in i . Si ngl t - Cell #67 ma d
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a relatively low voltage o - 1.83 volts but a respectable energy density of 10.2

whir/lb. to 807. and 15.9 whir/lb. to 60%. The internal resistance was 0.60 ohms

at 400 seconds.

A factorial design study was made to determine the optimum cell formula.

Four variables were studied and were expressed in terms of effect upon peak voltage

and 80% life. That is , an attempt was made to make a linear mode l of the peak voltage ,

807. lifetime , and energy density in terms of four cell variables. This would be a

model of the form:

y = B
0 + 81

X
1 

+ B
2
X
2 

+ B
3X3 

+ B4X4 
+ B

5
X
1
X
2 

-n- B6X 1X3 + B7X1X4 + B8X2X3 +

B
9
X
2
X
4 

+ B10X3X4 + B11 X1X
2

X3 + B 12 X1X
2

X4 + B 13 X1X3X4 + B14X
2

X 3 X4 +

B1 5X1X2
X
3
X
4

y peak voltage , 807. lifetime , or energy density

B0, B1, B2 , B3, etc... .= constants , determined by the factorial design experiment

X1, X2 , X3, X4 = the four cell parameters under study

After having chosen the three cell characteristics to be studied , i t was

nec.--ssary to choose the four battery parameters to be studied. Four parameters were

chosen because a study of five would have required 75 single cell tests. Ibis was

considered too lengthy, so a four parameter study with 48 single cell tests was

chosen. Since Variation in weights of the three cell layers would consume three of

the f - ’ ~ variab les , these weights were examined as ratios of anode weight to anol yte

wei ght and of catholyte weight to anolyte wei ght . Wit h these two ratios as the

variables for the factorial study, the weights of all tirree layers could be varied

and still onl y consume two variables. So, X1 
= ratio of anode weight to anolyt -

wei ght and X2 
= ratio of catinol yte weight to anolyte weight.

Tire anode was only one material (28 
W
I0 LiAl alloy), and ti-ne anolyte was

only one active material 90110 mix; but tire catholyte was a mixture of tirree materials.
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l i e- s e  t~~~o- variab les were exami ned by redefining i n  terms of t ,n l i , ,s :  li-nc- ra t io

‘ 1 we m I t  ‘ mI il,C1
5 Ln’ N~~~lCl

4 
(90/10) ,  and t b -  rat in ,1 grap i n i t e  n”  N~~~lCl

4 ‘~U~- ’ 10). - 

-

X r a t i o  iii bi d i~ we igi nt to NaAICi , (~8)/10) - m i  girt

u~~lt i’ u ‘t~ g r a phite wi - i g lu t  to ~om i l ) C l , (‘ ‘0/ 10) we igl lt

For this study it -,ns decided to chu’ on imig h a,.’j I , ’.’ ,‘ -:t reme for t,achn ‘3

va r i ab le  m l  then make Ilm r iw- cells of l OCh posS ible combinat ion ‘ f  i-nigh and 1-ow-

,- \ t r em e s .  t he choice of extremes f-’r t h e s e  v . r r i a hies  was m~n !,  is Inflows.

i- -i ’m types ‘f cells , Standard cells and ba t t i - ,  ‘.‘ c e l l s , have heen de f ined

i n  this project.

The formula for a Standard Cell is:

Anode = 0.750 gm LiAl Al loy (“/~ Li ‘ - -t specif ~~ m I ’

A nm m l yte = 0.675 gin NoAICI , 31-h) 10)

Catholyte - 0.833 gm Cath ’,I

Tine formula for a battery cell it:

Anode = 0.248 gin 28 
W
/0 LiA1 Alloy

Anolyte 0.608 gin NaA 1C1, (9 (u , lO )

Catholy te  = 1.177 gin Catholyte

ihere h ave also been two types of catholyte — the Standard catirolyte

and Li e battc-ry cathoi’--te .

The formula for a standard cathnlyte is:

40.5 ~/ NaAlCl
4 

(90/ 10)

45.1 ~/ MoCl
5

V -la.4 /o Graphite

formula for a battery catholyte is:

2 i .” ~/ NaAlCl4 (90/ b )

- w10 .5 /o  11, 1 1

I8 .l ~~/0 Crap hite

44  
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l ime ra t io  ‘‘ I anode to atm- ly r e  in a Sta t mda rd cel l  i s  1.111 an - nd ho  a

bat tery  cel l  tim e anode to ano lyte ratio is 0.43,8. l i m e smal lest  an,Ide w e i ght w h i c h

can be inandied with tine I” din,- is about 0.200 1r0,’ ls. If 0.200 gram s ‘ f  alloy is

put into a Starmd ard ce ll instead of 0.750 r~’s , the n time anode to ,iu - l  y t c -  ratio

is 0.296. If t h u ,  ~.2O0 grams is pu t into a bat ter ’j  cell instead of P . 2 4 5 . tIm ,-

t ine anode to an’’l y te  rat io is 0.329. It is fe l t  t ha t  the anode is not totally

consumed and that a realistic maximum wei ght would be- 0.500 1’ raous. if 0.500 i- r o o t

of alloy is substituted for 0.750 grams in the Standard cell , the anode to anolyte

rat io become s 0.741 , and t o  same substitution in a battery cell would produce an

anode to ano lyte ratio of 0.8°? .  This array ‘f ratios is tabulated he)’ -,,.

anode wt.
-atlo = anol yte n t .

TABLE 3 RATiO OF ANODE WEIGh T TO ANOLYTE WEIGHT

Std. Cell Batt .Cell Std. Cell Batt. Cell Std. Cell Bait .  Ce l l
if anode wt.= if anode wt.= if at-rode wI .= if anode wt.
0.200 gm 0.200 gm 0.500 gm 0.500 gin

1.111 0.408 0.296 0.329 0.741 0.83.,
(Hi Extreme ) (Lo Extreme)

Catholyte weigints of 0.75 grant s and 1.3 grams were chosen as reasonable

extreme for these weights. A similar table of cathode to anode rati ,,s can be

constructed.

- catho lyte  w L .
t ’ J t m -  =

mrno lyte wt .

tABLE 4 RAT IO OF CAT ILOLYTE WEIGh T TO ANOLYT E WE1GIiT

Std. Cel l Batt.Cell Stci.Cell Batt .C , - I  I Std. Cell Bait. Pc- i l
if e m t I m . ’,- :t . - if cath .wt . = i f  cat l t.wt .  if cati r.wt .  =
0.75 gin (( .75 gm 1.30 gin 1.30 gin

1.234 1.936 1.111 1.233 1.925 :.  l3 ’~
(L I-: t m’ m- u m (- ) (lh Ext n u t - )
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Now consider a ba t te ry  ce ll with a total  weigint of 2.25 grams and ti-ne

tuxtren re lii anode to ano lyte rat io and tine ex t r e m e  Hi catiro lyte to ano lyte ratio.

1) anode wt. 
- 1.111ano lyte w t .

2) catinolyte wt. 
= 2.138ano lyte wt .

3) anode wt. + anolyte wt .  + caiholtye wt.  = 2.25 gm

Solution of the abovo three equations gives

anode wt. = 0.588 gin
Cell  formula for

an’’l yte wt. = 0.530 gm
a Hi .ibi cell

catholyte wt. = 1.132 gin

S h n i l a r  co lcu l a t i ’ m ns  yield

A 1 .1 Cell :

a’ - h c -  w t .  = 0 . 2 7 7  gm

an(l \- ” e st . = 0. 35 gin

cat im ‘I’- !,e wt. = 1.039 gm

A tu.:  m : n , - l l

anode nu t . = 0.776 gm

au ’’ l yte wL . = 0.698 gm

c a t l m ’ ’ l v t c -  w t .  = 0.776 gre

A Lo.Hi Cell:

anode u - I. . = 0.194 gin

anolyte wt. = 0.655 gin

catholyte wt. = 1.401 gm

41~ 
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The above four cell formulas yield tire four types of cells poss li I~r

utilizing tine two extreme values of ti-ne two cell variables chosen f’mr study

(anode to anolyte ratio and catholy te to anolyte ratio).

Similar information can be generated f r  the cathol yte. A Standard

catholyte is:

4.5 gm NaA1CI
4 

(90/10)

5.0 gin Nod 15

1.6 gm grap bn ite

11.1 grin total

A battery catholyte is:

4. 5 gm NaAlCl4 
(90/10)

10.0 gm MoCl5

3.2 gm graphi te

17.7 gm total

Good extreme weights are two times the present Standard catholyte weight

and ‘m oe- half the present Standard catholyte weight. Then a Hi MnCI5 cathol y te

would be:

4.5 gin NaA 1C14 
(90/10)

10.0 gin MoCl 5

1.6 gin grap hite

A Lo MoCl
5 

cathol yte would be:

4.5 gm NaA1CI4 (90/10)

2 . 5  gm McuCi 5

gm g ra pinite

~1
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A i l l  graphite cat imol yte would be:

4 .5 gm NaAICI,4 (90/ 10)

5.0 gin MoC 15

3.2 gin grap in i te

A lo gr unp im ite catholyte would be:

4 .5 gm NaALC14 (90/10)
-

‘ 5.0 gm l-l,’C I,~

0.8 gm gr a p hite

Then the MoCl 5 t ,  NaAlCl 4 
(90 / 10) rat ios can be calculated arid tabulated :

TABLE 5 RiVl’IO OF MoCI ,. WE IGHT TO NaAICI WEIGHt
-) 4

Hi N’ ‘Cl • Lo HoC 15 Iii Grap ini to C, ’ Grap iri te

MoC U wt .  2 . 2 2 2  0.555 1.111 1.111
l3 n,~IPI , ( ‘ 8 1 / i l ))  wt . (Hi Extreme ) (L Extreme )

l I me graphite to NaALC 1
4 

(90/ lU) rat io  non, be calculated and La bu l , r ted :

I ABLE o RAtIO OF GRAPHITE WEIGh T TO NaA 1C14 W EIGIO’

Hi Mod I , tm Mod 15 
( if Grap h i t,  Lu Grap in i t o

(;n:nl im u t ( ’ ’st . 0 .247 0 .247 0.711 0.178
N M C I , (i n / b ) st .  (Hi Extreme ) (C i- :~~, t  ru -n ut- )

45



Now conrsider t ire toLa l catho ly Le weig irt to be 11.1 gin as in a standard

catho lyte. fire n for a lli . h l i  catho ly t e :

I) Mod 0 wt .  
= 2.222

NaA1C1, (90/10) wt .
4

4 ) Grap hi te 
- 0 711

- 

- 2 NaAIC I
4 

(90/ 10) wt .  
-

3) MoCl
5 

wt .  + NaAICI, (90/ 10) wt.  + Graphite wt . = 11.1 gm

Then a Hi~ Hi cat hol y te (t hat is Hi MoCI
5 

and Hi graphite) would be:

NaA1CI4 (90/ 10) = 2.822 gin = 25.43 W
/0

MoC 15 = ‘ .270 gm = 56.50 W /0

C = 2.006 gin = 18.08 W /0

-u Simi lar calculations fo r  a j ,~,.Lo cat i- rolyte wou ld y ie ld:

NaA1C 14 (90/10) = 6.405 gm = 57.70 W /0

MoCI5 = 3.555 gm = 32.03 ~~/0

C 1.140 gm = 10.27 W 10

A hIi.1, m catino lyte wou ld be:

NaAIC1
4 

(90/10) = ) .  2 u ’ o  gin = ~? tm .4l t~/0

MoCI5 = 7.254 gm = t ”/ . 3 5  
W
10

C = 1 .581 gm = i.24 W
10

A L,’.iii cat ino l yte wou ld be:

NaA1Cl 4 (90/ hO) = 4.8’)N gm = - ‘m A .  13 W
/0

MoCl5 = :.71’) gm = 24. 5(1 W 10

C = 3.48 3 gin 31.38 W~

4
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Thus tire above catholyte formulas represent the four possible catirol ytes

uti lizing the four possible combinations of the extreme values of MoC I
5 
to NaAlCl

4

(90/10) ratio and graphite to NaA lCl4 (90/ 10) ra t io .

For each-n of the four type s of cells tirere would be four cathol ytes , f”r

a total of 16 different single cells to be made and tested , and if each cell is

repeated three times there is a total of 48 sing le cells to make and test. The

sixteen different kinds of cells are each represented by a combination of four

symbols. For examp le , the cell with ti-ne high anode ratio (a heavy anode), tine

low catimol yte ratio (a small anode), the low MaCi5 ratio (MoC I
5 

concentration in

catholyte low) and the high grap hite ratio (graphite concentration in catho lyte

high) is represented as IILLH. The entire experiment can be tabulated as:

TABLE 7

iP(MBOLS AND CELL Nu MBERS

Symbol Cell Number

i-IHHH I — 17 — 33

I{HHL 2 - 1 8 - 34

Irl-ILil 3 — 1 9 — 35

HULL 4 - 2 0 - 36

HLHH 5 — 2 1 — 37

HLHL 6— 2 2 - 38

HLLH 7 - 2 3 - 39

HLLL 8 - 2 4 - 40

LF1HH 9 - 25 - 41

LHHL 10 - 26 - 42

LHLFI 11 — 27 — 43

LULL 12 - 28 - 44

LLIIH 13 — 29 — 45

LLHL l4 - 30 - 46

LLLH 15 - 31 - 47
LLLL II’ - 32 - 48
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Tine results of this experiment are tabulated in Table 8.

There were significant qualitative observations as well as quantitative

~~~~ results. For examp le , there was observed a characteri stic high voltage peak for eachu

type of ce ll tested. These pea~n simapes are illustrated in Table 8 .

Consider Ceils #2, #18 and #34 in Table 8. This is a series of cells of

type iIH with catholyte type HL, and hence desi gnated H}IhiL. Figure 5 is a repro-

- m duction of the data from tine f i rs t  four or five minutes of tine th ree tests. ‘Ihe

- 
, scale is approximatel y ~ volt/inch verticall y and inch/minute horizontall y. A

si gnificant feature is the close repeatability of the shape of ti-ne peak section of

the curve . Figure 6 is a reproduction of the curves for Cells #5, #21 and #37 at-nd is

a somewhat more comp lex shape. Figure 7 is a repr oduction of Cells #9, #25 and #41.

This peak was moat similar to the “spike” experienced on previous sing le cell tests.

Figure 8 is a reproduction of Cells #12 , #38 and #44. Tin s f igure is included as a

representation of the poorest examp le of reproducible peak shape. All of the other

shapes on Table 8 were a better representation than Cells #12 , #28 and #44. This

observation is significant because what was before considered a random phennmenon

• now appears to be dependent on ti-ne configurat ion of the four cell parameters studi,” i .

Another qualitative observation is that some cells , regardless of their ’

performance , are too diff icult to make to be practical. For examp le , any cell w i th

a Lo.Hi catholyte is difficult to make because tine higir concentrat ion of p n ap i m m t -

causes tire catholyte to crumble easil y . Also , any cell with a Hi .iii desi gnation

was hard to make because tire anolyte layer was so relatively small tirat an anu-n lyte

layer of uniform thickness could not be produced without “ m o les ” whicin would a l low

direct contact of anode and catiroi yte. Also , a Lo.ih i cell was d i f f i c u l t  to lo~e l m u~
(
~

because the 0.h94 gms of LiA l was such a t i m i u m  layer t t m - n t  h t  could not be distributed

evenl y. In the case ‘1 t~ si desi gnatio n Li-ILU , e leven cel l s were at ennptcd to be made

L 5 1  
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FACTORIAl. DESIGN RE SL’Lf S

£ABLI- 8
CELL TYPE CELL # V T LCI.i ‘;y

p 80 D:- ;t i :1 iY siu, -i_ 
—

RB.IflI 
~~~~ 453 

~~~~~~~~~~~~~~~
2 2.35 556 9.52

1 - 5 2.46 429 7 . n5
34 2.44 468 8.43

3 2.34 262 4 .67
mi_LB 19 2.28 272 4 .2-s

35 2.28 350 5.50

4 2.47 191 3.52
flII LL 2’,) 2.43 266 4.75

36 2.42 29’~ 5.30

5 
- 

2.51 360 6 . ( m 
-

~~~~~~~~~
HLIIII 21 2.57 321 6.4 1

37 2.63 239 5.00

6 2.58 300 6.04
13L1IL 22 2.3’ 333 5.7 5

38 2.68 207 4.50

7 2.13 161 2.21
23

39 
____________________

S 2.48 161 2.99
HLLL 24 2.43 205 3.66

40 2.48 164 3.05

9 2.8 5 38 0.93
25 2.71 166 3.69

41 2.86 80 1.98

10 2.58 390 7.85
UIHL 26 2.63 255 5.33

— 
42 2.61 355 7.31

11 2.24 380 5. 77
Ui_Lu 27 2.23 315 4.74

43 2.18 523 7.52

12 2.38 4 14 7.09
UtLL 28 2.35 468 7.82

44 2.35 499 8.33

13 2.40 545 10.14
LLHH 29 

724 
- ___

LUlL 
46 2.37 700 1L09

15 2.20 6~~5 “.22
LLLU 

16
Lu LL 32 2 .36  271 ’ ~,. ( 3

48 2.4 1 iç~, ~fl 
— —  ~~~~~~~~~~~~~~~~~
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in order to get tinree good cells. Six mmf t ire cel ls  were of such poor ph y s i c a l

quality thrat they crumbled before they could be assembled into a test unit. Two

of the cells tested had mucin interna l smnorting and the results were ignored .

‘Tine mechanics of processing the data wil l  not be exp lained here (re-f:

Introduction to Linear Models and tire Desi gn and Analysis of Experiments , Mendenhall,

1968). Two cell characteristics Were measured directly, the peak voltage and the

807~ life time (V and T
80) and ~ tinird characteristic , ti-ne ernergy density, was

estimated from these. If tine average voltage from peak to 807~ peak is considered

to be 907. peak then the average current is tine average voltai c divided by the load

resistance.

ST = 0.9 V
p

— 0.9 5’
= p

H

Since energy = power x time , and power = voltage x amperage

= :0.9 V
P

) 

(

0.9 V~~

and

E = P x t

(0. 9v )2
= _ p x t

H

- (0. 9v ) 2 tE =

H

Since energy density Ei~

- E (0.9v )2
t

= p
in Rn

57
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The average v ’ -l - ,age is measured in vo l ts , tine R0~ life t ime was measured in seconds ,

the resistance was 15 ohms and ti-ne cell mass was measured in grains. In order t -~

express the energy density in watthoura per pound some conversion fact ”r s will need

to be added.

E.D. = 
(0.9v ) 2 

T80 453.6 ~ / 1~
15 ohms 60.60 cell w t .  (~5

Since the call wei ght was 2.25 grams

E.D. = 
(O.9v )2 T80 453.6

15 60 .60 2.25

E.D. = 0.003024 V 2 
T (

whr ,lb )p 80

Tire factorial design experiment generated three line,, odd s, one for

peak voltage , one for 807. lifetime and one for energy density esL~~,~ate.

Peak Voltage :

V = 2.43 - 0.0085X + 0.0185x + 0.ll27x - 0.0298x - 0.0402X Xp 1 2 3 ii 1 2

0.0394X X - 0.0l896X X + 0.0069X x + 0.0l98x X + 0.O~ 82x X ,1 3  1 4  2 3 2 4

O.0502x
1X2

x
3 - 0.00479X 1X 2x4 - 0.0l3l2x1x3x4 - 0.0069X2X3X4 -

0.0115X
1
X
2
X
3
X
4

The sum of the squares of error (SSE) for tin s experiment was:

SSE v = 0.1606149
p

Then tine variance for tine experiment was:

— 
SSE 

— 
0. 1606149

— Deg. of Freedom — 48 - 16

= 0.0050192156

58
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Tine standard deviation f , m r the experiment ‘~ ,ns :

s = s2 = 0.0708464

The relative we ighnt of each parameter can be determined by comparing tine

coefficients mi the parmnncte -rs in tine linear model. For examp le , in the linear

model of tine peak voltage i t  is observed tinat the coefficient of X
3 

is — 0.0085

and for X
3 

is + 0.1127. Hence it can be said thrat the variable X 3 (the ratio of

MoCl
5 

to NaAIC1
4 

90/10 in the catho lyte) is 13 time s as important in .ffecting

the peak voltage as X (the ratio of anode to anolyte in t l m ~ cell). It can also

be said that since the coefficient of is positive , the higher the ratio of

MoCl
5 
to NaAlCl

4 
90/10 the higher will be the peak voltage- . In like manner it

can be said that because the coefficient for X4 is negative , a high grap inite to

NaAICI
4 
90/10 ratio will result in a lower voltage.

Another quantitative observation can be made . This linear model was

generated from a number of experiment s which were averaged t i - g e - timer to arrive at

one conclusion. This statistical population iras a numerical mean and a standard

deviation , and hence any single coefficient can be expected to vary when further

experiments are performed. l4hat may appear to be important in one experiment could

be rather insignificant in the next experi rment . l i m o s , a 49O confidence limit has

been chosen. That is, it is assumed that qn% of tine experiments performed will

give results within 2.576 standard deviations above and below tine me -an. Any

coefficient that is greater th an 2.576 standard deviations can thus be assumed to

always be significant , and any coefficient less than 2.576 standard deviations

could be expected to appear quito high in some experiments , quite low cc even

— 
negative in others. Therefore , all coefficients 1 -s tm than 2.176 deviation c from

the mean are ignored as being tom ’ un depe m- m i n lu l e to he mmf signif i c a n e- c .

‘3”
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ln tin e m r se of tine peak v’’l~~a,~e- , a standard deviat ion of O.070~~6u1 was

ca lcu lated , this number can be use-ui to calculate a 992 confidence band around time

:~&-an , whnicin y ie lds the express ion:

B - ‘ B . + 0 . 0 2 - 3 3  8 . is ti me est imate of t ire co—ef f i c ien t90,. i — L

B . (i = 0 thru 15)
1

1(10 = tine 990 confidence bat-r d for B .

Tim e linear mode l far peak v~~ltagc’ can then be re—examined , and any coefficIen t

tinat is smaller than this band can be ignored.

V = 2 . 0 3  + 0.ll27X - 0.0298X - 0.0402X X — 0 .0394X X + 0.0682X Xp 3 4 1 2  1 3  3 4

0 .O~m(h~X 1 X 2
X 3

il mese variables would appear significant in 99 out of 100 experiments.

Simi lar comments can be made about the 807. l i f e t ime and energy density

mode ls.

T80 
= 359.65 - 51.10X

1 
— 5.52X

2 
+ 48.02X3 — 5.77X

4 
+ 81.65X

1
X
2 

+

3Em.44X1X3 
+ IE .06X1X4 - 48.81X

2
X
3 

- 22.50X
2X4 

- l5.90X
3
X4 +

72.35X1X2
X
3 + 

2’).54X1X2X4 
+ 16.44X1X3x4 - ll.23X2X3

X4 +

2. 52X
1
X
2
X
3
X
4

Tine sum of the squares for the error is

SSE = 133596

The standard deviation is 64. 61 and tine 997. confidence band is

B
1 ~ 

24.02

T herefore , time linear model for the 800 l i f e t i m a n ’ is:

~80 - 359.65 — 5l.lOX
1 

+ 48.02X
3 

+ 8l.65X
1
X
2 

+ 36.44X
1
X
3 

- 48.01X 2X3

22.60X~ + 7 2 . 3 5 X  X X + 29.54X X X1 2 3  1 2 4

60 
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The unreduced linear node- i for ti-re emmer g y  densit iy est i m a t i e  is

E. D. 6.355 — 0.h4ltX
1 

— a . 1-33X
2 

+ l .330X
3 

— 0.259X
4 

+ l.355X
1
X
2

+ 0. -377X
1
X 3 — 0.327x

1
x
4 

— .8’13X
2
X
3 

— 0.Y’5X
2
X
4 

—

+ 1.1’ 3X 1 X2
X
3 

+ 3 .5 ’ 32X X2
X4 + Ll .216X

1
X
3
X
4 

- u . 3 2 5 X X X

+ U.155X 1X2X 3X,

The sum of the s, 1u im rc- - for ti-ne error , SSE is

SSL 41.38464945

fine standard deviation is

S = 1. 137220425

The 992, confidence bond i s

B , = B. + 9.422899/.

Thus the significant lioear model for m-1 -,erg y density est imate is

E .D. = 6.36 — O.~-i4X 1 
+ l.33X

3 
+ 1.36X 1x2 + u.43:’:1

x
3 

— 0. ma >0 ,X3

— 0. 1~~X2X4 
+ l.193X

1
X
2
X
3 

+ 0 .55X
1
X
2
X
4

The variables can now be listed in ma- d r of diminishing si gnificance

concerning peak voltage :

TABLE 9

PEAK VOL’l’ACE VAR I ABLES

X
3

x3x4

-x l
X
2
x
3

_X
l
X1 -1

-x
l
x _ ,
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It was observed tinat tire only two signif icant individual var iab les  were

X 3 and 3(4. t i m e  catho lyte variables (time ratio of MoCl 5 to NaA1CI4 a u d  t I me rati,)

‘1 g ra n i mi t e  to NaAICI4
). It is seen tirat X3 appears in four m m f  the six factors

t l , u t  are s igni f icant to peak vo l tage , and t irat the posit ive c , ,e f f ic ien ts  ,,f X 3 and

X 3X4 are greater tiran tire negative c ’e i  I i cient s of X
1
X
3 

and X
1
X
2
X3. Titus i t  is

c”neluhed that a high ratio of MoCl 5 in the cathol yte will produce a higin v - i  tonic

cell.

It is also observed tinat the variables X and X do not pru’ve t o  be
1. 2

significant individual variables. This imp lies that ti-ne ce l l  fo rmula is not as

signif i cant to hig h voltage as is time catinmm l yte f ,’ i-nmula. It shi eld b~ ‘ i t  eml t ha t

the comb ~nations of high anode o-- i - ‘ m t withn ini gir catinode weigh -mt at i ’l ini g in anode igi m

wit in highn MoC1
5 
were chetrimenta l. to i m i gim voltage. fin s is ‘ lemm u is t  o l e - m i  withn

var i ab les X X , X X and X X X . It sinould also be u - l e d  m l m m t  the c’, ;-:b e- . t  ion - , 1
1 2  1 3 1 2 3

a Inigh MoC 1
5 

ra t io  and high graphite ratio produces a hi gin vol anim - cell.

ihese results must be considered in cont ext w i t i n time qualitative

observations. Reference to Table 8 shows tinat the te~,t groups witim b i ght M0C 1,

ratios or a inig in combination of MoCi • and g rap h i c  - - -c u~ t ine t es t s  wi tin tine last

two dig its liii m r  HL. Of tine ei ght poss ibi lities , six ui these m ad  “spi ke ’ s I m ~~ncmI

m e - a Re . If this sp ike is considered a negat ive c inarac te r i s t  ic tinen tire only good

cel ls  were -  lIlUlii and iiJIilL, t ine top tw u tie -I groups on Tab ic 8. Since t i ne  vol t  m i,-

for both - f  tinese groups is tine same it seems Lirat, group 11111111 i s  tine mont micSl r abi e

because it produced a higin vo l tage w i t  in no tr m ncn -  of a sp -

In ‘ u ‘her ‘ ‘ 1  dimi nisining si  g um i f i  cance toward tine 80~
-
’ i i i  , t  urn- , t ine

var iab les  . n l u I u c - a r  as I’ ’ l l o w s :

m 2
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FABLE 10

L I  FETIME VAlUABLES

x
l 
x
2

x
lx2

x
3

- X
l

- x
2 
x
3

X
3

X
1
X
3

X
1x2

X
4

-X 2 x4

The on ly two signi f icant individual variables are X
1 

a -m u ] X3, -.vi tbn X 1

negative and X 3 posit ive . Thi s means that a large anode can se r ious l y d iminish ,

the l i f e - -ti ime of a cell , and mm large amount of N- _ n i  in a catin ol vt e can -s i g n  - I cam

increase t he l ife of a c e l l .  More important t ht a i m anode size considered abo’.m- I S

p - - - -anode st i ze considered as a cmm g n bnnation of o t i mo r var iab les .  h i ts i s  -,e-~-n in m l ,

two most sign ifi cant variables , X
1
X
2 

and X
1
X
2
X3, and to a much smaller degm~ -e .

X
1
X
2
X
4. N - I c  also t h at five ‘f Lire eig]nt variables contain and five com it a lu ,

X 2 winile tint-ce contain a (,mm b i t u rd ion of X
1 

and X
2
. It can t]n .-re fmr c- be said tinat

while the ce ll formuLn is not i , ’ ’  s ign i f i can t  in r m-s m ’ o c t  to pe rk voltage , it is

certainly stgn i  ficant w i  in m- espec t  to l i feLine . It sluou ld also be r n m t . - m b  t i u , n t  c nf

tine f ive signi ficant var iab le - s  t hat conta in  X 1 
four of  tinem are pos i t i ve .  ibis

fac t can be I nt . -r p re ted  as ‘ - n lung l ife cel l  Inns a large cathode , mm small an ’lv te

layn- r , and a iue- ‘ h um s ized mm nm ,Ie. ’ fhmI s in te rpretat ion exp la ins  tine sign and

si g n i f i c a n c e  of tine - top t b m m ’ m - c -  v an nhles in Table 10. Not ,- f ina l ly  t i u n t  X - appears

in f - or var i ab i mm ,~ , t i m  r , - n -  t innes mm , c- tI m ] , nations and - ‘mm cc- as an i nd ivi m l m n n l  . i’m is  cor n

be a l t  r I but -d n o  tine u n - n -m i for a lm i ru ’,’ c u t  Im ’,de m r s well tim , m, l n m o ~n mnmounut - ‘ 1  M.’Ci ,, i n

the c~~ t iu ,lyl 

--- ~~~~~ C’
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In order of diminishing significance toward time e - r s - m u , y density , u s -

variables are as follow :

TABLE 11

ENERGY DENSITY VARIABLES

X
1
x
2

X
3

x
1
X
2
x
3

-x 2x 3
-X l

xlX2X4

-x 2X4
x
1
x
3

l ine most apparent feature is that the factor  most significant to highn

n -u ie - rg v  chens i  ty is also most signi f i can t  to long life. In fact  it can be seen

that the f i ve  most sign if icant factors for energy density are also time five most

si grni ! cant factors for long life. A lso , tine eight factors that are significant

to I m i ~~im n- nergy density are also signi f icant to long life. The only difference is

relative order u i  significance. It can still be said tinat ti-ne best  cel ls have a

higin at m , de and e - a t I m , -de  wei ght and a catholyte witin a large MoCU ratio. The se

would he tine cel ls cues ignated with 111111 f -  ‘r tine f irst thnrce t i i~~
-,i ts . 3.- f t ee  t - ‘

Table 11 sirows thrat tine tes ts  designated i[ifllil (Cel ls  #1 , #17 , #33 ) and iflflhL (Ce l ls  #2 .

#18, #34) f i t  this pattern. I t  can a lso be not icoch from Table 11 that t i m e -  test

gr’ ups LL ih hl and LLIiL m ad even [un iter nm u s - rg y  ul ,m nsi t l n - m - . i’i,e- only thing t ime s , -  four

gr oumns have In cotruinm,n is a large- ratio ‘ - I  N- -Cl in tine c;rt I; - - i ( t i - . liii s imp lies

that t i m , -  most sign i ii catnt var iable for cum e rgy dens i t y  is rat io -b li-L I ,- t i ’  NaA1Ci 4

in the m i t  i m - l y t ,- , e v e - t m  tinoughn t he cn n - f t  i e i e u m t  of X ., was ;n u ii 1cr t i m ni m X
1

X , in the

Ii m , cmm n mc ,k- i 

_____ - -
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~~~ It is m n i s - -  significant t i m a t  time tes ts  desi gnated LLIUI and LUlL m ad a

sp ike in tine lie-ak , but it was relatively siutal I . T1,is caused tire e rmc- rgy d e ns i t y

t m  appear be ttor than it actually was , due to time assumption of a linear variation

i n  V m i t S t n - . In considerat ion of this, it is concluded that the best cells made

ac- re tine 11111111 and t im.-  iiIillL.

In summary, tine best cell sinould h ave acatholyte w i t h  a iri gi m ratio - - f

MoCl , a moderate mr low rat  i m  of grap in i te , a moderate mr low an , m I m -  wi tin a moderate

or low anolyte layer and a large c a t i m - m l v t c -  [a v e r .  T inese fac tors  sincnuld be optimized

within tire inec]ranical limits f time fabrication process.

Additional si ng le cells ,-iere tested after the factorial desi gmi stu , I- ; .

Sing le Cell #68 was a double two-layer cell. Th at is, tine ce l l  was made

of two double layer d i s ks .  fine top disk contained ‘ t ue  layer of c a t h o l yt e -  and -u i . -

layer of anolyte. This was stacked on top of a disk with one layer f LiAI a l l oy

and tine bottom layer of nickel dust. In e f fec t  tlnis is a f ’ u m - l a v c - r  ce l l  w i th  time

layers in tine following order; catholyte , anol yte , anode , nicke l c u m r m e , t  Co l lm- ; I -

Tire anolyte used was Anol yte #4 and tire catinoly to was (~m it ii ,,] yt n #11. l ime cel l

formulation follows :

ding le Cell #68

Anode - lI .24v  gm LiAl (28 W
/0 Li)

Armo lyte  li .u - l ) ~ gm Ano lyte  um4

Catinol yte i . 177  gm Cint imo ly te  # i l

f in I s proved i ,  be a gmnuci cel l .  Fine- re was only a modi- rm nte high v- ‘It  ag. sp ike amid

tine sp ike was , m t  “burned Of i ‘ . l i m e -  peak vo l t  age was 2 .7  vol ts , current m b- min i  d v

3 5.5 mA/cm 2 , and tine 801  l i f e  - ,- m n -  300 sec - nds. l i m e  ene rgy densit v of t i , ,-  c.

was 7.32 wh i r / lb .  t i ’  807. arud 1 3 .3 winr / ’ - . t m  70

_4J~~ - - - --
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Sing le Cell #69 was a large diameter bat tery cell. Thi s cc-I l  was 2 7 / i t - ”

d i a m e t e r  and was made f i-om Catimol y te Oil and Anolyte ‘/4. The cel l  formula for

Cell #69 was similar to  Cell #68 except that Cell #69 had a total - -tc-ig ht -f 12.O E

tsr. Sing le Cel l  #69 was tested at 200°C wit in a 15 oirm load.

Sing le Cell nftc ,9 had tine higmnest vo ltage (3 .46  v o l t s)  and ti-ne i m uwest  current

density (0.0076 amp/cm2) of any cell tested. The 807. life was 280 seccmnds and tine

527. life- was 3360 seconds. The 80% energy density was 1.89 whr/lb and the ~22

energy density was 6.84 wimr/lb.

Sing le Cells #70 and #71 were tested ti ’ investi gate the cells which were

used to make Battery #23. Cell #70 was tested at 225°C. This cell m ad a peak v itat-c-

,mf 2.64 volts and disp layed a strong higir voltage sp ike. As a result mmf tin s sp ike ,

the 80% life was only about 60 seconds and the 507. life was about 650 seconds.

Cell #71 was tested at 200°C. This cell had a peak voltage of 2.42 volts with an 8O~(-

life of 540 seconds and a 507. life of 2520 seconds. Both cells were tested with a

15 ohm load . The recorder trace f m r  this cell was very similar to that of a Hliiiil

type cell tested in tine single cell factorial design stud y.

Fine collective data on tinese cells indicate thnat tire basic design of time

cell and ti -me basic catinol yte fcm rmula are satisfactory.

BAT’IERlES

Eon Construction m i  the first batteries it was decided to cont i ,uue t i , c  use

- m f ‘ n e  incin diameter cel ls used in the si ngle cell tests.  l’he ~.-ll form uimr hani m e ,-t -

previousl y tested (Sing le Cells #64 timru #6 7 ) , and was r u m f ’ - i i , ’ w s :

Anode = 0.248 gm LiAl Alloy (28 5 /o Li)

Anmul ~ Le = 11 . ‘-iiF gm Amu , lyte nil ,

Catino lyie- - 1 . 177 pm (1 nt im - l v i m  #11

Ihe cailnoly te  a mnum rich in N- -C l - - 
aim~i gr a p ini I .- . T ine- Is ’  i c e  ,,f mining f i v e

cel ls was .-mn t i nel y arb i trary. 

- - - _ _
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Heat paper win ch produced 121 calo nie -s/ inc i m2 was chosen for a heat source.

This decision was based on tire assumption that the therma l conductivity of the

A l / N aAlCl
4/MoCU ,C batteries was approximatel y tire same as that of - t u e - I  batteries

made by Eureka. Then , if it is assumed that the proper operating temperature of

the battery is 200°C , it can be calculated that tine proper calorie value of the meat

source is about 120 calories/inch2. Previous experience with -n heat paper this “cold”

inas shown that it is usually diff icult to handle and does not always burn reliab ly.

However , it was felt that for the first trial of a new , unknown , experimental system

the heat paper should be too cold ratiner than too hot.

When gassing was observed in the sing le cell testing it was assumed due to

vaporization and decomposition of AICI
3 
and Mod 5. Thus it was felt that the catino lyte

could not stand a thermal shock. Therefore , laninated imeat paper was used with the

hot zirconium/barium chromate mix on one side of tine heat pad and the relatively

“cold” layer of inert fibers on the other side .

The metal parts of the cell stack (the cell connectors and leads) were

made from 0.004” Ni. The posi tive and negative cell connectors had 4” x 0.093”

x 0.004” Ni leads spotwelded to them for welding to the battery header. The ce l l

connectors were shaped like two disks connected by a narrow stri p of nickel (dumbell

shaped). These were folded over and a heat paper disk inserted to form a finis imed

“heat paper and cell connector subassemb ly”.

Fhe cells were made in tine usual manner. The anode , anolyte , and cathol yte

were weighed in 10 ml. wei ghing bott les and tine cells were pressed , m i m e  layer  at a

t ime , one on tim , 1  of tine other in a one inch die usitng the Carver press. Tin s metinod

is slow and tedious but it ‘ r- ’v  i m i e s  the most reproducible ce l l s .  t i m e  first batc im -‘ I

seven cells was st red over mu I gtit in a vnc rnum oven at 63°C. By morning tine cells

were so delanni nmnted and dete n t aCe d as I - ’  bc unusablm - . A see ’ -n m l  set ‘f seven cells

(‘7

L. -
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were made and t i re -se we ic- s t nnred in a des iccator  cinarged with P
2
05. By morning t in t - s i -

ce lls mad a ls o  de te r io ra tc-  and wore cm’nsidered unusable. lt was decided to prepare

a th i r d  se t - - f  ce l ls  and immediatel y assembil- these into a bau ei~ .

Since time ce l ls  tinut mad  m ad  time higin vol tage peak burned o f f  ga”e Line

higinest etmergy densities, it was d,-eided to app ly tin s treatment to cells tinat went

into construction of the first b .rt ’ eny . A mn cedure was devi sed s’m tinat a ce -LI could

be put im, tm ’ the sing le cell tem -te -r , time peak “bu, mme ,i off” , tine cell cooled down and

stored in a P
2
0
5 

desicca tm - r until all of the cells we-re- so L t e - m n t e d .  f ine - n t ime  cells

were to be used for battery co m m s t ruction. Tinis i m r , m c eclu mm - c- p r - mved  unsuccessful because

the burned if cel ls were physically very inard tm handle. Tiney crunmbled easily .  a m n d

the LIAI anode had a tendency to come apar t .  A lso time c a t i m - l v t e  imad expanded and

the catirode was wider than the anode. A ls - t m , a 1 ,  ge c1uanti ty  ,mf noxious fumes wern-

released into the room. When thi s batter y was ii nall y a ssn- r- ,b led and tested , time -

voltage trace appeared very t m - i  ,~y .  lhi.s i n d i s n t i n - -  menus’ small locali ied s imor t s ,

probably caused by tire tinermal cb- t e -m 3 nm m L ion of ti,.- cs- Il.

A d i f ferent  procedure was used f u r  t i m e -  second b a t t e r y .  d im e - n t i m e  11

con nector and imeat paper subassemb lic- s were ii ii nt ,, -d t inoy 5, m n  s tm n m -k, - , i  ver t ica l ly

wit h f res h ly built cells in he- t se e - u , .  Heat Imaper Was i, m, -~- m I e - d  i n  m l , . -  pos i t i ve  and

negative leads and tin e-se were p laced at tine top amm O h - t i  Lcnm ml I mc- stack (se-n-

Figure 5) . l ine heat paper was always stacked hot sn Ic up and the en - ils we- rn always

stacked anode side down. The negative i e m n m i  was nt t im e bottom mmi I inc stack n u t  time

posit ive lead at tine- top. Two dummy cn Lls were used , - m m n - just ab, m v c-  t ime p o s i t i ve

lead arid one just  below tine negative lead. Just ni ,- cc- tine uppe r dunmut y en - li  and jus t

below the lmmw .m r drntruay cei 1 was a m eat pape r n i mm i r n - I l  conrm ectc n r suba smc-mtu lm ly.  Ik-ynnind

ti m ,- ;, subussemblies were p lmice dt I’’ cii , m. p i e ces of I /~ “ tinick ; m m ; i ’ n - s t , m s .  At time t ’’i’

- 1  the - m i ne- k was p laced n r m ’ m t iner  i m , - m m t ‘ m l , m m m l  S i  ml, ug, -t rod air ’ve tin i - . a 1’ ’ d in j , n , -m , - r

m ica  d isk  wi tt~ a 1/4’’ ci i ;mnmene r center inmu le.  At t h e  botto nm r i  t ime si ,ck We- u .- p i n e - m d

‘~8
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additional asbestos disks followed by anotiner ire-at pad , hot side up. Finall y,

at ti-n e b ‘t tn m ,mt tine stack was anot irer piece u mi mica.

l ime  arrangement m t f ive c e l l s , anode dow-n , alternated with, f o u r  ce- Il

co n u u e c t m m r s  is just  a standard f ive cell ser ies  stack.  The negative lead is , of course ,

in contact wi th  ti-ne anode (28 W 10 LiAl alloy) of the bottom cell and t ime posit ive lead

is in contact witir the catinol yte side of the top cell.

The dummy cells serve two purposes. First , they are good heat sinks sod

since mm’st of tine m eat is lost at the top and bottom -‘f ti-ne stack t ls-y tend to store

meat  upon melting and later return tin s heat upon re-freezing. Alscm , these cells can

be taken out of a f i red battery and tested in a sing le cell tester. Then stack cells

can also be taken out of tine same fired battery and tested in a single cell tester.

A comparison of the data from these two t e s t s  should show whether tine battery st - t pe -d

because the electrochemical system was exhausted or because the battery simp ly cooled

off.

The heat pad and cell connector subassemblies on the “,‘utside ” u i  tine dun’eny

cells were used in an attempt ti- I provide the continuity i t ime cell—cel l connector

alterna te pattern. They also hel ped to maintain the battery temperature .

On t he “outsi de ” of the cell c- ,,eu, e c t - - u - i m n ~ m m pad subassemblies were p laced

asbestos disks. These served to act as thermal insulators and to take up spac m- .

This was necessary since the cell stack was mucin sinorter t l m mn um tine can into w inicin t I , ,-

stack was inserted.

On the “outside” of these asbestos disks was placed a heaL pad , inot side

Up, w i n i  cm was tm m be I gm- ni ted by tine electric matcin in the I ,e a m lm - r aitO - in turn , ignite

the fuze st r i ps. The fuze strips , in t u rn , were to burn dawn tin,- side of time b n t  te ry

and ignite ea cbn m e a t  pad i_ n tire bat tery  stack. Tim e- he a t  pad ml the b,,ttom of the

bat tery  was tin at tempt to compensate , at tine bottom of m l , , -  b ,t  t e u ’ y  , f m ,r t i m e  ign i t io mn

‘-Id and n -icc tr ic nant .cin at Li mn top of tine i mm n t  In -i ’s - .

71
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‘rhn- fore strips - n , ,  mac he by l a y i n g  two pie -c c-s of silicone g lass tape on time

tab lu  t -p . adime s i ye side U~~, im m t Ime form -,f a cr -m s - wi th eacim arms of the cross about

three -  l t t c d , - -  long. II ,-‘ a thin I” diamet,-r mica disk is p laced with its center on

m i t e  center m t tine c~ m s .  Strips of 170 calories/in 2 imeat patmer , as long as t i m e

ba ttery s tac k is high , are time -n p laced , co ld side toward ti-ne adl,esive , on the tape .

Then tine entire battery stack is p laced on top of tine mica disk. Anot imer mica disk ,

wit h a center hole , is p laced on top of tine stack. Now the fuze stri ps can be l ifted

u 1 to touc ir the sides of the stack cod are taped across tine upper p iece - ml mica.  I he

purpose of the- upper p iece - m mt mica is to provide a surface to winicim tcm to 1-.- tine f uze

str ips. C ite cc - p I e r  ire-Ic is to allow the electr ic  matcim in the header assemb ly to

ignite - the ignition pad just below time mica disk. Tine tape from tim e fuze stri ps may

c e - e r the C e - m i t  c r  hole in the upper mica disk , and then must be cut out m-J th a sharp

kni fe.

The Ni strips en the posi t ive and ne-nm-n t lye leads are ti-ne-n fitted wit im

silicone g lass sleeving an-nd bent upward C” be attached to t i m e  imeader assemb ly.

The stack is now ready to be wrapped with fiberf rax fe l t  until about

1/4 ’  of t imermal insulation is built up. The entire assemb ly i s  t ime - n  secured by

wrapping wi th silicone glass tape .

The battery stack is next f i t t ed  into tine can wit im additional insulat ion

as necessary. Pads of asbestos can be put in the boti toimu of ti-ne can. All of this

padding is primarily to make tine bat tery stack fit snugg ly in time - can and t - m  pr ’s-ide

good thermmnal insulati -

l i ne  pos it ive and u- negat ive leads are text spotwelded t - two Cen- m im ials nit

t he l u-- a mie r. Two ‘- t i -nc r  terminals are used I mum time c- Icc C n c  nnatcl . tim , - imeamie u t s

t hen ma- tde-d to time hat to m y  case and tine im at tn - ry  construct i - mu is comp i c t n - ~i .

7?
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Since tire process of “burning o f f”  tine inigh voltage peak era -P to  great ly

e xtend the energy density nmf t ime - cells , it was dc-c i,de-d to “burn oh I” t ire ce l l s  in

bat tery  ‘Il. Uowe-ve , the “burn-ni ng o f f ”  pr cesum so deter - -rat,- - d time ce l l s  I i mm n u the

e - i t agc -  readouts were e l e c t r i c a l ly noisy. T ire second bat tery  was made ‘~f new , fresh

cel ls. Is’lnen the c al l  was finally welded shut wi res  were soldered t -  the p o s i t i - e - e -  and

negative torte- i tals and connected to a voltmeter . Therm the ce- u t i m e  battery was placed

in an oven at l(m8’~~~. n\l’ ti~~ i’ - mut e imalf hour time battery voltage readout for’:t,- d a p lateau

at about 16 vo l ts .  ‘lieu , t i l m i s  voltage was maintained for f ive minutes the bat tery was

removed f rom the oven -n and al lowed to cool ti m- room temperature overnight , and tin e- fl

subjected tm’ the regular battery test  proceciore .

The data 1 - c  ti-ne first battery were- lost , due tm inadvertant reversal  of

t ime lead c- ,00 ec t im ,’nmm . dime - n t ine- battery was f ired it appeared t m -  i-nave zero output .

Wine-n the error was discovered and rec t i f ied time voltage m a d  reduced to only 5.3 v m m i t - m .

The a c t i \ - n t  -n . peak voltage , and energy density were- thetefore last but san e useful

information was obta im’ied . First , ti-ne battery ignited properly, so t ime heat Im~m i mer

system and the e lectro lyte systc - m appear to be compatible. Second , Li- ne ba t t n - r v  d i d

not !ei - ‘ t -n. t i m e - r e - f o r e , ti-ne gasses formed in the system were not o no ut t i n t m  be damaging

and tine battery was certainly not too hot. Third , the readout was noted to be qui t;-

“nois y ” , and hence the “burn of f” of individual cel ls was abandoned in l u m m u r e  b a tue rv

construct i , - 1 1 .

In the second battery test all data were obtained. i ’ i m e peak s’,,ltagc- was

10.2 volts , or 2.04 volts/cell. This was as imi gim a v - m lta ge-  as any of tine- “burned

o f f ”  single ce lls. The battery produced an Inm’m ~m er; ngc- - m i  y um ~ ll mA and a calculated

current density mi 134 mA/cm 2 . ti m , activation - m l  0.77 seconds was- n - sur e d lu - u t ,

the t ime t i m , -  match f i red tm ’ L lmc- time 80~ of time peak was m c - m , c i m e - i . line- re was a

a “cold voltage” ml 0.19 v o l t t - . F lu ,- life t i m tt , t; of 8 0 ,  70~~, 60~ mind ‘i(i~ we - m e  t-5
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seconds , 11’S seconds , 20 6 seconds , and 270 - m e - c ords , c e - s ’ S - c t  ive ly. i i m i s  yields arm

energy dem-rsity of 4.53 whr/lb. to 80~ of l ife , based on time we i e-ht of f ive  cells of

active material. The energy densi ty for 507. cat- 12.98 wh i r / lb .

Battery #3 was made identicall y to b u t t e - u  v #2 except  time - “burning o f f ”

process was nit used. Ti-ne peak voltage- of t i m i s  battery was 11.3 vol ts or 2.26 volts!

cell. The current was 753 mA and the current density 149 re-A/ cm2 . Lime ac t ivatiamu

time to 807. was 1.13 seconds. The 80, 70 , 60 and 507. life timers were 42.5 , tb , 154 ,

285 seconds respect ively. This yields an energy density m m f  3. 64 w hr/ lb .  to 807. and

13.61 whir/lb. to 502 . The internal resistance was an excellc- :m t 5 .61 -‘Ions near P .

This gradually increased to 2.9 ohms near the 50-/n mark. The results are sum’rmmanizc-d

in Table 12.

Battery #4 Was made similar t~ - b Lter ies #1, #2 , me-md #3 except ti-nat the

cells contained a one gram layer of nickel above ti-ne anode-. Fim e - peak voltag e of

was 10.2 volts. This was the same as ba t te ry  ‘~2 timoug im L i m e  me-a lt was burned o f f

of #2 and not off  of #4. Since tim c m ’e ,- e m: e- t ine usual five cells in ser ies this

represen ts 2.04 volts/cell. The current drawn across thre 15 c,hrn lcmad was 680

milliamps and the c~ rrent density 134 mA/cm 2
. This battery had ti- me s l’ mwest act ivat ion

of all batteries produced — 1.66 seconds. This was s mmw ,,r even than bat tery  #10 w inicim

was made with c m m ’ , l c - r ime a t  paper  — 115 ca l / in2 . The l i f e - t i  i mc- ’’f b a t t e u v  #4 was 50

seconds to 807. of peak vo l tage  and 325 seconds to “0 - . The energy nie-ns i tv  was

estimated at 3.4 w i-nt-/lb. to 807. aund I (~ w h r / t l u . to 50 . Tin s is basc-d on t - - m m n i

cell weight m m f  10.15 grams , arm d is in reasonably good m m t, reel ’w-n t  w i t im data , - b t m n i n e d  - -

dur ing s ing le- cell t e s t i u — - .

From tire f i rat  foe- — battery tests i t Oti s I - ~
-
~~li i’r I c d  t im u L tin . c~n I - - m m , -  

‘

va lue of 121 cml / in2 was ira mm hm, ’nhii y tom) 1 - - - . S - I” di - m t - t ’ -  I n -u  i -nn chs oh 130 cal / in
2 ,

h40 Cal/ in2
, 150 ca l/ in2 and 160 c a lf i n 2 were pr n - p a i n - n h .  The te ar ho n m~as  U m i k e

-l ba t tery  w i t i n  t i m , -  130 c a l /  in 2 m eal - n t , - . If tin -s w m , - ~ b ” ”t m  I l,e m i a h n I  lery was t ‘ -
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be made of 140 cal/in
2 in ea t paper , and so on until time battery was obviousl y too

hot. It was felt that 160 cal/in
2 

heat paper was sure ly Line extreme h igh  value

of heat paper calorie value .

Ba ttery  #5 was the first battery of this series and it was made with

130 cal/in
2 

heat paper. ‘rime battery was otimerwise tine same as batteries #1 , #2 ,

#3 and #4. This bat tery produced a peak vo ltage of 11.0 volts , or 2.2 volts/cell ,

wi th a current of 733 mA and a current density of 145 mA/cm
2
. The activation of

this battery was not recorded due to a tecinnician ’ s error. Time life timmne of 80”/~

was 2.3 seconds ! ‘there was no evidence of internal shorting (electrical noise)

in the recorder trace. The 50’7~ 1if~ was about 17.5 seconds. Th ese resul ts were

qui te unexpected , even if the 130 cal/in
2 

pr oved to be too hot. A nmortu,n

examina tion of the battery showed the cell stack fused together , and the fiberfrax

insulation looked as though blue dye had leaked timru it. l’inere was no real evidence

that the anolyte m a d  flowed and Lime n-atinolyte , while it appeared to swell 10’ , did

not appear to flow either, there appeared to be no i m m ’ t  spots or shorting arn umi d the

edges of the cell. IL was concluded th at the battery may h ave been too h ot , bu t time

specific effec ts of time excess heat were not apparent.

It was decided to test two more batteries , a control unit for tine m -Lime r.

Bat te ry #6 was made with 121 cal/in
2 
heat paper and #7 was made with 130 cal/in

2

heat paper. All anolytes , catholytes , cell formulas and n ,t l m c- r paramete rs  were

kept the same as f - m r  battery f / ’ ~ . t ime L e s t  da ta  f o r  b a t t e r y  #(- were lost due to a

technician ’ s , -rm - ’ - c’ . h owever , the problem was corrected , and battery #7 was

successfully te stemi . Tine data f russ battery #7 were m c , i ti as g~’- ‘ml as da ta  fnnr  pu - I - v m  -

ba tteries buL was c ert mnii m l y be tter tima n battery ~~~~~ l i m e  1,eak v o l t a g e  was 10.8 volts

(2.lh v’,l ts/cu - - hl). The current at ineak was 720 mA and tint- c u r r e n t  cin - - u - - i t y was 1 4 2

mA/ cm 2 . ih,- 80” life was 51 ,-u - muu mn l s amid tine “U 
-

- life 176 seconds. Time u - -m a - r1mV

7’)
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density was 4.0 wbmr llb . at 8O7~ and 9.16 whr/lb . at 50 ’L, and activation time was 0.62

seconds. l’he nm or t un m examina t ion  of timis battery was almost  i d e n t i c a l  tm t i n a t

of #‘~ except that tine stack was not as difficult to take apart. flm,I L is , it had

fused together but not as extensively as imad #5. It is notable that to ii limit of

110 1 life , this battery had the highest useful energy density of any tested so far ,

and the activation time was excellent.

A third 130 cal/in
2 
battery, #8 , was constructed. Battery #8 was a repeat

of #7 and #5 , which m ad give n very d1fferen t performance despite their similar

construction. The peak voltage of battery #8 was 11.3 volts (2.26 volts/cell). Time

peak curren t was 752 mA and the current density 149 mA/cm 2 . Activation ti e - mu - - was 0.72

seconds. ‘I’he life time to 807~ was 34.7 second s and the 50~ life was 159 seconds.

The energy densi ties were 2.86 wi’nr/lb . to 807n- and 8.73 whr/lb . to SOn-/n- life . The

mcmrtu imm examination of #8 was similar to #5 and #7. There was thus  provided no

exp lanation of the catastrophic failure of battery #5.

Fi non m , i m not catastrophic failures , the lifettme s of batteries #7 and #8

were sim o r t e r  t iman t ime b a t t e r i e s  c-mac ic w i th  121 cal/in2 paper. Presumabl y a bat tery

it
made with 140 cal/in ,--nmum,mld have an even shorter lifetime . This was shown to be

the case with battery #‘) . B a t ter y  #9 was the same ,ns batteries #5, #6 , #7 , and #6

except that it was made with 140 cal/in
2 

heat paper. The peak vmul tage was 11 .3 volts

(2.26 volt/cell). The peak current was 752 mA and the current density was 149

nA/cm 2
. l i me 807 ann-h 505i lifetime s wo n- n- 31 seconds and 146 seconds , respectivel y.

The nI ’uu ’rt~y density was 2. ’-9 whr/lb . to 801 and 8.03 wh r-Hin - . t ’  ‘-‘ ( I  . Tine a c t i v a t i o n

was 0.63 seconds. This battery had time poorest performance ‘f any battery t~~ste ,h

excci pt “ “ . Tine activation was the quickest. ~i m o n  this b m m t m n - u - v  followed t int- 
‘ -

“ h ,t n t tn - r  ‘ n ~- n - m  sho r t e r  life ’’ trend , no b m mtim n m  ies were cm m n m i , - from tI m , - 150 and 1 (11

. 2cal/ I n m m i I 1 m ( ’  -
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‘rwo new calorie values of heat paper were ordered — 110 cal/in
2 

and 115

cal/in
2
. Battery #10 was made wi th 115 cal/in

2 heat  paper with tine otimer battery

and cell parameters the same as #5 thmru #9. Battery #10 had a peak voltage of

11.2 volts (2.24 volt/cell). This battery had a peak current of 747 mA and a

current density of 147 mA/cm 2
, and time activation time was 1.17 seconds. The 8O7~

l i f e t i m e  was 47 seconds and the 501 life was 245 seconds. Time energy  d e n s i t y  was

3.95 whr/lb. at 807- and 12.4 whr/lb. to 50’Yn-. Internal resistance measurements were

made at several intervals. At 8 seconds time internal resistance was 0.58 ohio , at

124 seconds it was 1.21 ohms, and at 321 seconds time internal resistance was 3.83

ohms. This performance was better thman time hot batteries but not as good as the

121 cal/in2 batteries , and so no ath~itional batteries were constructed wi th the

110 cal/in2 paper. It was decided thiat the orig inal estimate o~ 121 cal/in
2 was

a good estimate of the optimum calorie value of the Imeat paper.

One of the goals of this program was to make a 28 volt LInttem’ y . F i m o r e f o r e ,

a battery with fourteen cells in series was made and tested. This bat L a ! ”-’ contained

120 cal/in2 heat paper and 1.833 gram cells. Tine same case was USn ci am; was used

for all of the five cell batteries. This was possible because thme five cell

batteries contained many asbestos “spacers”, wh i ch were removed to accon~imodate the

larger 14 cell stack. The peak voltcn6o of thn is battery was 20 .8 volt s (2.06 v -- i t  ian -I l).

The peak current was l.92 amps ann-i the current density 379 mA/cm 2. ‘rime nn a’ t m valion

time was 1.06 seconds. The internal resistance was measured at 67 seconds as 2.36

ohms. Time ljfe t i muic- was 10.3 seconds to 807- and 88 seconds tI n ’ ShY . in n - n- ul t ’r gy

density was 2.27 whr/lb . at 807- and 10.8 whr/lb . at ~fl”- .

‘rime cells for the first m ien - b a t t , -n i n- s were made sing l y by ima mumi wi l h m a I”

diameter di n - arid pressed on a Carver laboratcmry um , - s m u .  Each - n 1- nv , - m - was w,’i 1~hme d

i ndividuall y in n-n wei gimi np, hntt le. Then tine contents - ‘ I eachm we i ~ I m I no bottle wu - -r nm ’

82
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poured i n t o  t i m e  d ie  and compacted , the c a t h n o l y te  f i r s t , t h e n  t ine  anol y t e  on Lo lu of

tinat and then the  anode on top ‘f that . If nicke l was used , a f nurth m layer was

compacted on top of tinat. In all casn-mm tine final layer was compacted wit hm a force

of 20,000 pounds on tine I” ram. Timis procedure is relative ly repeatable , but it is

slow and tedious. It is nearl y impossible to construct more than one battery per

day using this process , so a searcin for an alternate cell fabrication nn m l m - ,d was

made .

At time Eureka facility ot h er pelletized thermal batteries are made wit im

Imy draulic presses whmich meter out the amount ‘f each cell material by cimang ing the

volume of the die cavity. For examp le , tine bottom of th~ die cavity can be lowered

to about 1/16” , filled with catholyte , and time tel) of the die cavity scraped with a

straight edge. Then the bottom of the die cavity is dropped anoth er 1/16” . and the

anolyte layer added. This is also scraped to a level fill , and tine bottom m m f  the

cavity is dropped once again-;. The anode material is th en added and scraped level.

The ran-” is next brougimt down , and the entire cell is c”e-i; -,;c t n - m I . l i m e  d i s t ance  t h a t

the bo ttom of t tm I’e die cavi ty  is dropped each Lime depends  upon L l m n -  n i e s i  red weig h mt

of the layer , and must be determined by a p r - m c n - - 4 s  m m f  t r i a l  and e r r o r .  Once tine

weigh ts have been “set in ” (that is , once the cumi rn -c t positions -1 tine bo t tom of

the die cavity have been found) thn on cell fabrication is relatively rap id.

‘I’hme first attempt to make these cells in any wa-n’ o t in e r  t h an t ime  Carver

press was by using a 150 ton capacity, manuall y activated , semiautomatic hydraulic

press with a ram size of 2 1/8” .

When use of the semiaut nmmati c press was first a t t e m p t e d  i t  was f e a r e d

tinat tine brittle LiA I alloy amn enhes might mm m i  be successfull y shnearcd. Th is is

important because m im n ~ 2 1/8” dianmeter cells had t n- m,~ cut d,’wii m m  1” cii ami-Limu r. II
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t l n i  n-n wu--re possible t h erm at l n - n - m s t  two a n - u s could he cut mm ut of L mm n- larger one’c .

A- - i t  t u r ne d  out t i m n -  an u m d e  l ayer  cut w e l l  hu t  m i _ n i  ca thol yte  layer  d i d  - i  . The

,‘r n p l m m  e - e  (and  j n - e r h n a 1m s  ~i - c1 5) c u d  not connpr o ss  w e l l  and made a very b r i t t l e  c e l l .

Wh et ;  l i m u - - s u  e u - - l l s  were cut  down t i n e  c a t i , - , l - m ’ L u  l a y e r  had a t endency  to c h i p  - ‘ I f .  A l so

i t  a : m I m ( - ,- ; m ’n ’d t i m a t  t ime cati ;ol y te  I n - n v , - ;  d i d  not , i c l i m ; - r e  we l l  to t ime anol y te  laye m , and

the  ce l l  e a s i l y  ml e l a nmi n at e ch  d u r i n g  t ime cut dowrm m r m c ess .  Th is was l e s s  of a pr obln -~e- e-

when t im e cell was subjected to less pressure and when time catholxte contained smaller

proportions of MoC l 5 and grap h i t n ’ . A s i m i  lar  - r h  i n - - e - -, was e n c o u n t e r e d  d u r i n g  the

s n - c m n m ’m d sing le cell study and will be cormnented upon l a t e r .  Simavi ng d i e s  s-n m-

ru -~c n - imar i mu- ’med and reshaped , and u l t i m n n - i e l y a d i e  an - i a  fe-end wlm ~~ch l m r - ’m i u c e m l  good ro lls

bu t  w i t b n  r e l a t i v e l y  ragged mc d p e s .  These we re the c e l l s  used to make b d t  tory #10,

the 28 volt b i tte n - n-

Batteries #12 , #13 , and # 1 - i  constituted a series made to investi ga tu-- time

ability of time battery to f u n c t i o n  over L l , u -  tempu - m a t u r e  r an g e  of —54°c to +74°C.

B a t t e r y  #12 was the room t e m p e r a t u r e  t e s t  and served as a con t ro l  samp le f o r  time

o t h e r  two.  This  batt e n - v m a d  a q u i t e  t y p ica l  vo l ta g e  and a c t i v a t i o n  t i - n- . ‘time

h i f u t i m i ’  was ~omewbnat  b e t t e r  t han e xpec t ed .  l i n e  in ternal  r e s i s t ance  was  also -n

l i t t l e  be t  L e n  ti’m an  expec ted  b u t  t u e  b a t t e n - v  was s u f f i c i e n tl y t y~ i c al  t - ’ be a g n m -m ml

c n ,n t r o l  u n i t .  B a t t e ry  # 1 3  was the m t  u n i t .  1 1 , 1  s b a t t e r y  was h n e a t n - d  t m  74°C f n n r

t l m r n - e  hou r s  p r i  or t - - t e s t  in - m g . It was r em nuv u - i d f r o m  the oven nn n ni t e s t e d  i n  l e ss  t i m a i n

- ‘un - c - m l  ‘ n m t e  so t h a t  t ! m , ~ i n t e r n a l  t e m p en - - a t u r e  a m m u l c i  t a t  d e v I , m t  n- m u c h n  f r o m  t Inn-  n fn ,- s i c ’ u - - m h

74 0.

L x p e r n e t i cc  u m ’ o v i n h n - m i  in s b ;m t t n -n’ v #2 , wmn - i c h n mn-n-is -ut cm n - mum ,-v n- u u t n ‘ I n m m m ’ ~~~’ H ’’

t I n , -  1 , 1  m n - l u  v - n i t  n - n g~- peak , shctnved i n - n t  t I mu - - bat t n -u  y a n  s mm t i , - ; ’  u -- u ’ I - m ,n i mc; - - - S mi  m n - u t  e a

he i r , -  any n - n I u I n r e c i m ! hc’ rina rm m t n- mn - n - nc , n - n - - - m n ’ , l  h i m  t i n’ v m n l   . I nm n ’ r u - u - n u n - m m  ni ‘mm ‘ - I  bat m n - m v

(whichn c m , n t ; n u c , - m l  m I ,  n - m u - - n  ‘ m i le) a I m - ome n !  L i n n i  - m - ‘ - I s  cn n-i l I’ ,’ I v t -  m u - m u t t - n - ,  i O n - i n - n u t

t ine h i m t n ’ r ’ n - n n - n i t n - : J m I ’ n - m ’ n - n t u m n _’ c l i  n - c ~ ’, ’ ’ ’  I h ,, -‘ i n - u - -  C . h u n - m n - I  - n - n ’ , it mn-- n c  t n - - i t  t le nt al’t e i ’

n- n -

-- -~~~~~~~~~ “ ‘--‘-- -— -~~~~~~~~~~~ 
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r n ccnm vol f m u - rn - mm I m - c i  ave n n- I me i l - b  ron-mi t emum p u-’ rn -mt ur n - mn - u mm ~d not chang e- - m l  - ‘n’ c m  oh I i i ,

n - - n e  timinu i n- .

Battery #14 was t ime cold battery. l i O n - n -  battery was c- ’olu - cd for t l m r e e  h o u r s

in a cimazmmber at —54 0. Ag a i n  it was t n - s t  ed w i t b n i n  one m i n u t e  a f ter  removal  t m - m r

th e  c h n - a m n b e r  so that  time i -u t ernal - - n e r o ’  o n - - -  m i ght  t r u l y be -54 - . n - 0 m~~ l m - m t  b a t t e r y

-erI--rnem! as expected. I t  im ad a s l ig h t l y I m i g i n e r  v c l t a g e  (11.3 volts). llawever , tine

lifet i :rmes and energy densi ties were siig i u t I y  low e-n’  than ;- - <j m n -c t ed. ‘I’he cold battery

Imad a very low voltage and very simort life. ‘l’lmat is , tine voltage was m - n l y 4.3 volts

and the energy density to 50°/n- was 2.0 - wlmr/ lb . Tine j m o s r  m n - m m -  an -n examination -~f the

cell stack s~nowed no obvious reason fur thi s unexpected low performance.

From the results of these tlm rn - n e batteries i t  was concluded Llmat either

the electrochemical system would m m u - t  ope ra te  ever t h i s  t em p e r a t u r e  range or e l s e  tine

120 cal/in
2 

hmeat paper was not s a t i s f a ct o r y .  So , b a t t e r i e s  #15 and #16 ‘ n - u r n -  made

with 140 cal/in
2 hea t u n - i l u e n - .

Ba tt n -e mies #15 and #16 u-e u - f -  mo - me n - I  q u i t e  w i n - I l .  B n - m t t  n c r , ’ #15 was time cold

bn -nt terv , which lmroduced a voltage ~-f 10.8 volts and a lifetime ‘-f 80% u m f  5 n Sec nds.

Battery #16 was the hot - ‘rue- , and it produced a voltage of lO.n-, volts and n - u n - u  80°/n-

lifetime of 74 - , n - ( - c m ; l e . The resul ts - i f  timese tests demonstrated tOn -n t ti - u - e l n u c ;

cb nemical system was certainl y capahi’- n f  -,n--’rk ing throughout this temperature m u o n ’ .

The problem with 0 14 was thnoug ln t  to be most l i k e l y  t l , & -  wr”ng calorie value of t ime

heat paper. But sinc e earlier battery testin g hiad s l ,m -’ ,, n - u l  t h n a t  120 c a l / j i m 2 m,-as

probably a good heat value , another ba n - m m - t v  was made with m 120 ca l /imi
2 
heat u n - n l u u - - m .

This was battery #1” . 
-
‘

Battery #19 was i u tn i m i m n - m i  m~~ be an - u exact du l ul a n t e  - n - h  0 1 4 .  I t  was c m n o l e d

for t u r n - n c  hours to —54’’C t u r i n - n m  t m ,  t e s t h ng.  t h u s h a t t n - - rv had -m vmnltage of 111 .6 v o l t  m-

_______ - —— -
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~ n ni  a s u r m n - r i s i i m g  ‘~O 1 Ii u - m t  i rme of 153 ~n -’ n I , , . in  sn - n mu m u - ,  ru -m s’pe c t s  timis s-us tIme best

b a t t e ry  sauL- so f a r , w l t l m  ~in energy dens i t y of 10.9 wimr/lb . tru gQ1~ and 22.1W wimr/ lb.

to 70 . 11am t r y  # 1 0  rn - n - m s sl ym m i ficant because it simowed Limat the battery reall y did

a m - m r  i n - n -  u hu - - s u - , - ~ i f  ie d  t e m p e r a t u r e  r ange .  Also , t ine output  of b a t t e r y  #19 was v e r - j

s iuiuilin r t u n -  t i m e  ~;u t l n -u t  u _ f  t ime s ing le c e l l s  t i n a t  h a d  had the hi gh vol  t n - m g e  peak “bu

- - f i n - n - . Y e t , battery #1,_ u was c u t  Ineated at all but was , in fact , cooled for thnree

lmm, ur a to —74°C . l e n t  i s , it had been ielt th at energy densities - - f  t h i s  magn i tude

we re onl y ava ilable through tine “bu m m ing o f f ’  process , and the results of battery

‘119 s n o w e d  tim i s to be false.

It, can be cmmnc luded f r om un - ice c o m b i n a t i o n  of results of batteries #12 , #12 ,

#14 , ~tl 3 , #16 and #19 th at the Al /NaA1C l
4

/MuCl 5 battery will perform wi th- m i  n t he

s~n ec ifiech temperature environment of to 74°C.

Batteries #17 and #21) were eacin built w i t h  a t imermocoup le i m u s i d a  Sm)

Lin e  i n t e r n al  m u m - e m o t i n g  t empera tu re  n - s i n - n -l i t  be accuratel y me usu rnn-ci . Bo ttom-i’ #17 producn--ml

a voittn ge ‘ml 0.7 volts and a 5 0 - U  life of greater timan 420 seconds , bu t time LInu -m rmn,~-

coup le m ar t  of t h a n -  caper imnnmmtn -n-as unsuccessful. Time tlme rm -’ c-am 1ule had be~ nn -e -Ide d to

two nf  tn - I n - c  t i m m i  m m n -’ml , s on t i m e  u n d e r s i d e  of a b a t t e r y  h eaden -  . In-he ba t tery ne-an -hem was

then soim in ,- red on , and mn- n- re thermocoup le w i r e  was fasteneci to tine tm- t r mi n-ma Is n- in t i ne

m,II )luems do mn - f t ime i me a d e r .  These were a t t ached  by c r i m p i n g  in to  a s old e r l n n - s s  c u ’ n m s e c t n - - m

and s r n - ImI n - r I - ng  m In c  connect -mr to time mn- nn rm i n -sal s. th u s pm- ave-c! t i m he an unsn -ii i sfa ctn -n -ry

desi gn bu-c c ,, n u m n - n -u-- m l  p - - t c - m m t i n - m I d i f f e r n - u n - c n ’ s  created at tine-se c n - m m mu e c t ion p int s . ‘l ime

ba t mn _-m y was [im n, ’n - i mud tine rhata rocn -m rd ,,-d , but time ilmn ’rm oc n - u i m le daLa w e - u  u- n - i  a n - i l !

It- tt e ry #20 wa s made by d r i l l i n g a ‘ cu m m m - ’ w  I nn - lu t imr m n - u g i m ‘nc ‘ en - ’  n - n - ’~ i - i

ioss i mm g t i m e  t hn em- mn m c m uu i u le lead tl mm - uu g in tim -i s hnole. T mn Inmmlu -n- was th u - n su n-t u--u - :

e po x y .  I ’m - , ’ l i n e n m i n u c o u l n - i e  m n - e r f n - m ’ n - ; ;- ; l  s at  i g l n - m c t n -’n n ’ i i v .  ‘Ph, - i , , n u  ‘ e m ; -  w an ’

by  s t - n - ; - i ng i n  a clnamber at — n-~i3 ’ n - C f u r  - re-n - h- ui ” s. ~~l t e m  a! a I m  -,

as

C’ 
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read —4~
’ C. The battery was then  stored in an oven fo r  three  hours at 97 °C , a f t e r

which  the therm ocoup le r e ~id 100°C. the f o l l o w i n g  day , w i t h  the b a t t e r y  at room

t empera tu re  (27 °C) , the thermocoup le road 30°C. Thus i t  appeared that  Lhe t lic rmo—

coup le a lways  read about 3 t ’  5C° hi gh.

This b a t t e r y  ~os f i r e d  at room tomperature .  The temperature rose so

quickl y t im e f i r s t  measurement was not made u n t i l  time t = 10 seconds. At t h i s  time

the tempera ture  was 295°C. Twenty  t empera ture  p o i n t s  were recorded over a f i f t e e n

minute  period (See Table 13). A t ime and temperature curve has been sketched.

Figure 16).

The temperature when the ba t t e ry  reached 807~ peak v dtage was app rox ima te l y

165°C as measured by the thermocoup le. the hig hest  t empera tu re  recorded was 295°C ,

measured at 10 seconds a f t e r  f i r i n g . The t empera ture  dur ing  th i s  f i r s t  10 seconds

was undoubtedly even higher , because when this measurement was made the temperature

was fall ing. Since the three “calibration ’ temperatures taken before firing the

battery were all 3 to 5 C° high it is felt that all the temperature readings are

o o obabl y 3 to 5 C too high. rhus the temperature at 80~ life was 160 C to 162 C.

r u t s  t e m p e r a t u r e  dropped to about 138°C at 5O~ . At 465 seconds the load was removed

from the circuit and the voltage j umped to 7.0 volts and held this leve l un t i l  the

experiment was terminated at 920 seconds. The temperature when the load was removed

was 135°C and at 920 seconds the temperature was 116°C. At this point the battery

still maintained 7.0 volts , measured with no load.

This experiment demonstrated that the battery would perform satisfactoril y

over a temperature differential of at least 160 C° (295°C to 135°C). This is not

surpris ing since batteries #12, #13, #14, #15, #16 and #19 performed over a —54°C

to 74°C range. Since the 295°C temperature was not the highest temperature (only

90 
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46~ 139
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T
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the hi ghest recorded)  i t  can be concluded that  the u s e f u l  temperature range for

t h i s  el ec i ru c l iemica l  sys tem is grea te r  than 160 C°.

Batte ry #18 was made using heat pellets instead ol heat paper. The best

pelle ts were made from iron/potassium perchlorate mix , heat powder , 88—12 , received

from General Electric Company , Nuclear Devices Department by way of Sandia Rese arch

Laboratories. This material is composed of 887. iron and 127. potassium perchlorate.

The pellets were prepared on the semiautomatic press at a pressure of 30

tons on the 2 1/8” die. A target value of 120 cal/in
2 
was used. However , the

f i n ished pellets had a average weight corresponding to 109.3 cal/in
2. This difference

is due to the ragged edges of the cut down pellets. The pellets were about 1/32”

th ick and were very flexible.

The cells of the battery weighed 2.183 grams when cut down. The cell

formula for this battery (and for all batteries , #12 thru #20) was as follows :

w
Anode = 17.5 /0

WAnol yte = 25.0 /0

Catholyte = 575 
w,~

The cath olyte formula was (for batteries #12 thru #20) as follows :

NaA1C1
4 

= 26.12 
w
1

MoCl
5 

= 58.05 
W

/0

Graphite = 15.83 W
/0

The 807. life of battery #18 was 269 seconds with an energy density of

14.8 whr f l b .  The 507. life was 500 seconds and had an energy density of 21.7 whr/lh.

The 807. energy density of 14.8 whr/ib. was greater than for any battery made at this

point , and was even hotter than any s ing le c e l l  tes ted  (S.C. #h7 was the best w i t h

10.2 w l i r / lb .  to 807.). It should be pointed out that  no a t t emp t  to “burn off” l i i , -

hig h vol tage  peak was made. The voltage was an a typ ically low , 9.4 vo l t s .  The low 

-~- ,-‘ — —~~ -—•~~
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voltage and the long activation , were attributed to time 110 cal/in
2 hea t value of

the pellets. However , a mortunm examination of the battery showed that one

of the six stack heat pellets did not burn at ~ll . Desp ite the low calorie value

of the pellets , and desp ite the fact that one ~f six pel eis did not fire , this

ba ttery sti l l  had the bes t energy density of any of the tests made so far.

Ba ttery #21 was also made with the Fe/KCIO4 heat source. Since the heat

source is a good conductor both before and after firing it was felt that cell

connectors were not needed.

Battery #21 was made with doub le two-layer cells. That is, the cells

were made from two two-layer disks. See the discussion of Single Cell #68.

The fired battery had a peak voltage of 21.7 volts and a peak current of

1.447 amps. The battery contained 2 1/8” diameter cells (not I” diameter as all

the others had) so the current density was 63 mA/cm
2
. The activation time was

2.32 seconds. This slow activation and low voltage (1.55 volts/cell) suggested

that some of the heat disks failed to ignite. In about 20 seconds the battery

voltage had dropped to 17.8 volts (about 827.) and then started to rise again to a

new peak of 21.9 volts at about 100 seconds. After 114 seconds the battery shorted

out. The actual drop from 21.9 volts to zero took about 30 seconds. The battery

case became hot enough to melt the solder around the header , and the battery vented.

It was removed from the laboratory and set in a few inches of water for cooling.

The battery produced 3.4 whr/lb before shorting out. Because so much heat was formed ,

it was believed that the catholyte oxidized the remainder of the iron in the heat A

source. Apparen t ly the ca tholyte and Fe/KCIO
4 

heat disk cannot exist in direct

contact.

It should be noted that the cells (that is , the two layer disks) were stored

f or about three days before use and that they showed no signs of machanical

deterioration. The catholyte layers did appear to have taken on a slight reddish cast.

94
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Bat t e ry #22 was made with a nicke l disk . 0.004” th ick , between the

cat liol y t e  and the Fe/KCIO
4 

ia-at dtsk in order to obviate the problem (If b a t t e r y  #2 1.

This battery onl y had f i v e  three laye r ce l l s  and they we re 1” d i ame te r .  I t  produced

.i 10.0 vol t  peak w i t h  a peak c u r r e n t  If 6~ 7 mA. Time ac t lv a t ion  time was a slow

1.2 3 seconds. A f t e r  the i n i t i a l  s i x  seconds t h i s  b a t t e r y  s t a r t e d  to lose  vol tage

rapidly u n t i l  80~ was reached in 17 seconds , and L1i~ battery vllLa U. e was essentiall y

zero in about 50 seconds. This battery was to hot  to touch but did not become hot

enoug h to mel t  so lder .

It should be noted tha t  these b a t t e r i e s  have been described as “shorting out ” .

In most thermal  b a t t e r i e s  t h i s  term means tha t  t i l e  elec tr l v t e  or some t i i e r  conducti ng

material inside the battery causes an electrical short circuit across the cell stack

inside the battery. This condition causes rap id changes in the voltage (for examp le ,

a l0’~’~ or 20~i change in just a few milliseconds). Another symptom of i n t e r n a l

shor t ing is an e l e c t r i c a l ly “noisy ” voltage readout .  B a t t e r i e s  #21 , and #22 were

both “no i sy ” . But in ne i the r  case did the voltage drop off  in m i l l i s e c o n d s .  The

vol tage drops were severe , and were very rapid when compared to the normal rate of

voltage drop, bu t they were not as f ast as is usual ly tile case for internal shorting.

It appeared that the battery materials were consumed ten times quicker than normal.

It is poss ib le  that the catholy te  became so f l u i d  that i t  was caus ing  e l ec t r i c a l

shorting . This is reasonable , since there is only 27. or 37. Cab—O-S [l in a catho lyte.

It should also be noted tilat MoCl
5 

boils at 268°C, and if the catholy te should

become overheated it is possible that the MoCl
5 

could vaporize away from the cathode

area. This would not necessaril y cause electrical shorting but it would appear that

the cathol yte was being consumed faster titan it really was.

Battery #23 was similar to #22 except that tlit- h eat disks were placed in cell

connectors instead ((1 just having a ,iicki l disk between tile heat disk and cathol yte. 

—- ---p—~~~-p
_. .~~~~~~~~~~~~~ --_- - -p



- 

-‘-. -p— — —~~~~~~~~~~~~~~~~~~~~ --—- - - -p- - - - . - --- 
~~~~~~~~~~~~~~~~

— ------ -

~~

--

I

fhie construction of #23 was actuall y qui te similar to  #18. The peak voltage sos

10.9 volts aod tue peak current 727 mA. Tile current density was 143 mA/cm
2
, and

activation was 1.18 seconds. The 80. life was 14 seconds and the battery quickl y

died to 50 in tile next 16 seconds. However , the battery was cool enough t I hold

in the hand.

Battery #23 contained three extra cells. Two of these were tes t~~d with

the sing le cell tester. Refer to tile results of Sing le Cells #70 and #71.

The mortum examination of #23 showed areas in the side of tim e stack

where the ba t t e ry  mat e r i a l  had f lowed.  This is contras ted w i t h  the :: -rtum of

#21 where the battery stack was fused into one solid mass , or #22 where t h e  cells

were fused together and had to be broken apart. In #23 the cells could ntill be

separated except where they had fused together at the “hot spots”.

It should be recalled that in Battery #18 , the first battery n m l e  wit I

Fe/KC1O
4 

hea t d isks , one of the heat disks failed to igni te. The fuze stri ps were

changed to 235 cal/in
2 
to aid in the heat disk ignition of Batteries #21 . i ’22 , and

#23. It was felt that possibly these hotter fuze  str ips were responsible for thu

“hot spots” along tile edge of the stack. Therefore , Battery #24 was made similar

to #23 except that 170 cal/in
2 
fuze strips were used instead of 235 cal/in

2 
stri ps.

Battery #24 had a peak voltage of 12.7 volts and a peak current of 847 mA.

The current density was 167 mA/cm2 and the activation was 0.32 seconds. The 80.~

l i fe was 8 seconds and the readout was very noisy.  The b a t t e r y  did not get

excessively hot but the stack did fuse together.

Another possible source of this difficulty could be an anolyte with , an

incorrect amount of Cab-O-Sil. The amount of Cab-O-Sil in the anolyte being used

could not be de termined , and so a new anolyte was ground and used to make a new

catholyte. These two new powders , the ano lyte and catholyte , were used i n al l

batteries from #25 thru #30.
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Battery #25 was identical to #24 except that tu e cells were made from

the new powders. The heat source was the Fe/KC1O
4 

disks. The peak voltage was

12.4 volts and the peak current was 827 mA. Tue current density was 163 mA/cm
2

and the activation was 0.40 seconds. The 807. life was 49 seconds and thu 500 life

134 seconds. This made the 8O~. energy density 5.13 whr/lb . and the 500~ energy

density 10/21 whr/lb.

The performance of this battery was similar to #7, #8 or #9. It had

a relatively high peak voltage , as did batteries #24 and #25. This was similar

in behavior to one of the high voltage “spike” sing le cell tests.

Battery #26 contained 120 cal/in
2 heat pads instead of Fe fKClO

4 
heat disks.

in effect , the only difference in this battery and many of the earlier batteries was

the anol yte  and catholy t e .  That is , performance similar to Batteries #4, #12, or

#19 was expected. However , Battery #26 had a peak voltage of 12.8 volts and a peak

cu r r en t  of 853 mA. The current  densi ty  was 163 mA/cm 2 
and the activation was 0.36

seconds. The 807. life was only 7.7 seconds and the 507. life only 26.1 seconds.

The voltage trace was very noisy. The cell stack showed “hot spots” and the cells

were fused together.

In an attempt to remedy thi s f low of the anolyte and catholyte a portion

of each powder was mixed wi th  kaolin. The anolyte was mixed with 107. kaolin and

the catho lyte had 307. kaolin added. The kaolin was mixed in only mechanically,

and no attempt was made to fuse either powder. Cells were then made and these

assembled Into Battery #27.

Battery #27 had a peak voltage of 11.6 volts and a peak current of 773 mA.

The current density was 153 mA/cm
2 and the activation was 0.63 seconds. The 807.

life was 62 seconds and the 507. life was 126 seconds. The battery produced 5.8

whr/lb. to 807. and 8.9 whr /lb. to 507.. The overall performance of Battery #27 was

very similar to that of #25. 

_ _ _ _ _ _ _ _ _ _  - _ _ _ _ _ _
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I’. was l e t  ‘- . 3  wi Ll 1~- mi:~iog k i l i n  oto t h e cath olyte ~~~U o t e l y t e ,

t i n :  tile ~~it3 ;. , c n,tni ,-d la t - e  su ed art icl e -a . Further hnt-rvat ion

r e v ,  (l ed  i t :  c , itl ., 1~~tt- : - ,l . - r i - ,l t l , , i L  would  pass titn -i a #80 s i e v e  one day , would

not t o s s  t h t r u  m ~- i . - . e  I (C ex t  i t y .  [h i  c a t i l y t  e ar t i c l e s  had increased in

s i z e - .  SH ce  it is n - l i k e l y  : i t  t ill- gr .-alh te c r \ - ., :a ls v u l , l  -
, - , it  was f e l t  t h at

tit , lim r r ,e: ~~ ir lv ’ c - - i t t i r l , - s -.1’,r ,- r i c h  i n  ~u \lCl or ~~~~~~ Since , in t h e  ce l l

m a k i n g  jr -c e s . t ese  I , i r - , e r  - ( I  t i d es w u r ’ -  raked o f f  i t  is qu i t e  p o s s i b le  tha t  the-

comoosi t ion  ot  t i le  L i t  i i  de i ay e - o f sc : ie  a t  the  C u s  was not  the same as t u e

cem m o s i t  In :1 t h e  c a t  - i r t - - . M s .  , i t  is gossib le  t ha t  some of these larger  par t  3 c l s

w er e  not  ‘‘ raked I t ’’ b u t  W O e -  i i — l i - u .IUSI(e .l i n t o  t i e  ce l l  in  such a way that  t h e

anol y t e  love : was - ene t ra~ od and t i e  anode and cathode layers  were in d i r e c t  contact

w i t h  each t a r .  Thi s . - 1  course , is an e l e c t r i c a l  short , and the r e su l t  would be

a s h o r t e r  u s e f u l  l i f e  accompanied  by the p roduc t ion  of i s -a t  f r o m  t i te r e s u l t i ng r edox

r e a c t i- - . For t h i s  re-as - n i t  .-:as nak a s t a n d a r d  p r a c t i c e  to a lways  g r ind  and s i e v e

t he ea~ k - l’-- t e a t a L e r i a l  j u s t  p r i ~~ ~~ - -  c e l l  la br i c a t i

In order  to d e t e r m i ne t i e  r e l a t i vt  magni tude  of i n i e r n a l .  energy losse s ,

B a t t e r y  #28 was made and t e s t ed  wi t h a 50 ohm load . It  was o therwise  i d e n t i c a l  to

#25. This b a t t e r y  had a ; e - i i k  v o lt a : ,  f 14.5 v o l t s  and a peak c u r r en t  of 290 mA.

The cu r ren t  d e n s i ty  was 57 .2  mA/ cm2 d l i  t h e  a c t i v a t i o n  was 0 .29  seconds. The 807.

l i f e  was 15 seconds but  t i l e  50c- l i fe  was  397 seconds. T u e  per formance of thi s

b a t t e r y  was iden t i ca l  to one 1 the hi gh vo l t age  s p i k e  s ing le cell  t es t s .  The

energy  d e n s i t y  to 807. was onl y ( 3. (~4 w h y / l b .  but  tile ene rgy d en s i t y  i c  507. was 9.8

w h r / lb . The readout was not “001 sy ” .

Ba t t e r i e s  #21 thru #28 were all node with the sane cell formula:

Anode - 0.350 gm = 17.5 W
10

Anolyte - 0.500 gm = 23.0 
14
10

3 Catho ly te  — 1 .150 gm = 57.5 
W
10
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l i t r -  c a t h o l v t e  [ O t I l l ( i 1t~~t Li- r ies ‘fl t I r ,  #30 was ~~~
- -. t L - a Z 7 )

= 20

i-i 0 1
5 

- ( 13 - . /

Ia  Jo

IL- -Se- f I r m u l l s  L i - r e -  p icked  as a r e s u l t  1 th e  s i ng l e  cell  f , sc t , c I a i  stud y .

I t  a-a s dc -e -  i ded to i t c r - : L l , e -  t he  we ig hIt of t i le  I i :  l y t  - l ayer  s l igh t ly  L I - ‘r t l e -  r La

r e -v e n t  i n t e rna l cc i i  s h o r t s .  l I c - i c c e -  t h e  cc l  I f - I :  aol  was c lc ,-anpe -d to:

A~~a-Je - tO

Act I t ’ e  = 30

wCa th t o l y te  = 55 23

Cel l s  -ci th  L i i  a fe - r m u l a  w & - r u  :::aclr and a s s om b i e d  into B ttery ~~~~

B a t t e r y  #2 9 -ian --il so te sLed w i th  t h e  50 ohu: toad. I ‘~~~~e nO s o  I t  age - I a

11. 0 vol t s  and the 1 oak cur rent  - - a s  228 v iA . t h e  c u r r e -n t  deo sj ty w a s  45 l ’ ~~-’ c~n n a d

t i e -  a c t i va t i o n  was 0.35 seconds.  h e- - 80/  l i f e  was 310 ae cli — and  t i e  SOo l i f e  was

900 sec ‘ala. T h i s  b a L t e r y  p r -  On c e -t i an e n e r g y  (lens ,  t , o f 8 .3  s i l o/ l b . i c  807. and

15 .4 w h I r / lb .  to  500. T i e  readout  of t h i s  b a t t e r y  was i t  at a l l  rio i n y .

B a t t e r y  #30 was s im i  l a r  to #2 9 e c c e L L  l a r g e - c .  f lu  b a t  te- r v  wa s  b u l l  t w i t h

e l even  c e l ls , 1. 114 I i ~ae t L- t- . I L L  a - a :  5 ( 0 1 ,  e was 120 cal u n 2 Fe/ Oh IO
4 i~eat  d i s k s .

Fhe b a t t e r y  case was 3 3 I - ~i ”  t a l l and 2 9/~ in d i an e t C r .  T h i s  c a n t -  was a [ l r \ i m a t  e l y

40~ f u l l  of a c t i v e  m a L L r i a l s  (ce l l s  and l~ea t  so u r c e ) ,  l i e  re m i n d e r  ‘I volorie - a s

I I 1 led w i t h  shee t  i sb e : ,L o , . IRe p c - au v i  I a~~e 1 thm is h a t  e rv was 2 — ’ .. v o l t s  anti t a -

peak cu r ren t  was 80t mA (.~~ 35 ohm l aid was u s e d) ,  I R e  c u r r l  n t  d e ns i t  \ was ~.4 it~s\ cm2
.

Due to a t ee -o r d e r  f a il u r e - tie je-tivat fl t ime was lot rec t- ih t - Il , bu t  — a s  obsc t vt d 1

ho Ic SS art  one second . Ihie  807. l i f e -  was 3 t 2 -c -conds and I li e ‘~(f l i f e  was 7 r +  s e c t - a .

I l a tL er v  #30 i— d t c - c ii 10.4 w I l e / l b .  L u  aD - a i d i .7 ( - d I l l  / I c . I ‘>d . l i t i -  v u lt ig- r ea d ou t

was not  at a l l  noi sy.  h b t e ~ roth battery -.-ac ~ i- -I ~‘n~ugii I - h e  l a - h i  t I c  - b a te  ii,, - ,3

IC )  I
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I irst j r - - 1b le a  1-nc - t~ -t1-ri- d at Eureka -i -s c t l a -  lack nI lar c e c r t - - i i t t t

i - i  N A l i  I - , i- - c r  mit— . I -,
~i i- - : i u - ’ - i m e n r al  h a t  r a e - i t - s  a good batch s i z e  would 9 f i v e-  to

t~~n n , u - i I a ,  i t t  t r O , r t i l e - -  I l e -  t i l l S  l i l t  i - : i a i  1 l~~ratt p re s ’u i - i-  - t r a c e- ‘ a d O

t o  be l i e c i g a c - l i .  IL - n  dt - ri- -i s L:-;1te-c~ t i l l , the l.aJlCi , i -Ic icR was mad e -  by rd ii ive ly

c i  oh t i c - t O ols  at I - I  eka. - - c - ie - keiI bist as ~~~ i as t Il e - hi gh p un  Its m at e  tal ant - - t t

L’,v I . l i i i s i r l d i c l t c c t a t  L i c -  , - y i e ’ c st v e  ll ~~ ç~ c u r  L v  r aw materials a the I c  ngt  Ii’ ,

PUrL~ Ca t i -n - t the e - l e 1~ l te ~L - l  lii i eli- tn -  t be necessary.

A : :ea :~u L  rcacl:!in vesse l c-a -o ld a l s o  make  it  p o s s i b le-  I- :  e - t~ e l H J C I L

S i t e i l  i i  t i e -  Al ( 13/i\aC I m ‘a I t would ;~oI~ - I U possibl e- to v ct : -y the aic ounts i i

e i t h e r c - - l ui t - e ili ~~i i  U -  chal ge- t i , -  -a  I I - ’ i ( L I e- af  t910_( I . - Si  I as i t e - c e r c a r y . A pressure

vo n - a - I  . e - i I~~ a l a - . - : 1 - t i  nos-ub l e - e x p e - l: t -: t :a t I~~~i wi th  tile cat h i o l y te . It was t a t  i c e d

i t t e  in I l i t -  h - u i i - r  r a n t i n g  t i l i - : t 9 -  c a t I e - c i c t - e- v o t  i l t i  a p p a r e n t ly  t e en .  Perhaps

t h i s  l i e - t I) iL- a would not It- as ni d i f the- ca tho  I n c  , 1.1, - r i -  f e - c  0 .  It i t i i ’ . ’ 1’ ’ possib le

L a Lw a I i  L I - t i1 - of [ 1 0
3 

i n  L i t  c~i i I i l y t e .  I t  may he po ssible U i ’  f u s e  t i ,

h a A h C ~l , ,  (ab_ ~i-_ Ji 1 , - ,c t d grap h i c  ann then adci 0 - C l .  or f - ~~~t- in  [‘ln0~~. l~ t~~i -it: , fo l l owed

b y g r i n d i n g . Li - l i d  a l s i c  r i t v l d e -  a c o n t r o l  of the art i d e  sic- c of t ile c - t l i o l y t e - .

hi ~ i d  I t i d ~l y take t h e  cat  Ito 1 v t e  more comptictab le and t h i s  could lead to a ee l 1

I 9 - i t  is  c i t - i c r  t o  shear and wh ich  can w i t i l l i tand  more - phy s i c a l  hand ii rcg

it  _ i s  n o t i c e d  th a t. I It- L IA 1 0 1 1 1/  did f la t  seem Li, fi t t le ir 1 1 ) 1 1  Liii 51( 11-

- - f  I I c t - I l  chur l ug t l ie -  c e l l  ni ck ing process .  If t h i s  ci t r u e  i t  may ti l t be nc ’cessac V

t o  5 1 , - i l - t h e  c i i  I s  at  a l l  I c - ;t ; l t i S c  t i l l - i  may he able to bt- l u t i s t - C t  i n t o  t h e - i t  f i u ~~l

S i  ~a- i t - I s h i i 1c , .

I L  - - .i o h : - , - r v c — d  din- mg S i  i - t i e -  ccl i. t e s t i n g  t h a t  a h i l 1 -. l c  v~~I I 

was - l i l t - i l  - I ; e v t  d in the ih i e d h i n r : t ~. i L r sci-  of Lb te  i t ch , S( m i l .t r b , c l i ,~~ioi-  was ‘h e - e v e - c l

I i  I t t  I d - i t - I S  I :o _ i - i r - t : e  t r v i - a .  A t  f i r s t  i t  c~~u : 1 , 1  i e c - , - <i  l i _ i l t h i i ~ a - l I d S -

I iii r u  b u t  i i i ,  I ,~ 
I - c -: I ..t I. Ic - i cy c  - ( r i - I s  :th r-ied lit - il  I i ,  I i , -  I g i l t  i t t  shc ~ l i t  th I s
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‘ - n i l e ’’ t- iss a tune -Lion of t u e- c e - l i .  l i t  tao 1 c .  i l L I c r  s i n g le c e l l  t x i , e - r n,ent s a h -  -0 1 -

t i - a t  the - ‘ sp lKc- ’ would  n i - I l ’: - n h - p t -  s i i  h t i l e  I -  c i p e r a t l u r e -  o f  t f ~~- t e l l .  S i nc ,  ( l i l a

‘ s p i k e -  - ‘  c-~u1ch ct c r i c U s l y i i L e - ;~ i e- l e  w i t h  1 ,  re l h i i i i t y  e -I  a p r o d u c t  ion 1)0 ’ ( , - r v  t a r-

i n k m u s t  he - il- r i’ Li) d l s c c vi- r t h e  cause c i  he “ sp i k e ’’ a nd t o  d i s c v t - r  s- rn - m e t  l i _ il

um c o n t ro l l i n g  t i t e -  sit :c’ and sitape c - I  t h e  ‘‘ sp ike ” .

Some- j i l t e -r e s t i t t g  p rob l ems  i-ce - - , c f l c n u n t c  r e t l  when l i l t  t o r y  fa hi  i i~t at  i c t ’  b egan .

As h a s  a l read y been  m e n t i o n e d  these c e l l s  t i t e -  hard  to shea r .  0 - c t  Li i i  s t - ea son spe- c ia l

c ut t i ng  d i e - s  had to be d c - s i g n e d .  A l ice - - . the L A l  a l l o y  was d u s t y  - t io te - l a l  and t h i s

d us t  is a c o n s i d e r a b l e  resp i r a to ry  i r r i t a n t .  1’he Mod ,- e c U  l: c h y t oi a s  a ls i  a n o x i  - -us

u~~tt - r i a l. Spec ial  -i~- thod s  cit t~ c l T S i i i n g  t h e - s i  i n a t e r i - u t c i  w i L l  have I t )  be- d c v e l c t itd

[ - - I  ore t i l e - s e  b~~t t t e-- - i i.s  can I cc - c I lia’ a p roduc t ion  I t e - - -i.

[l ie - c - co acr ,de r of the hat  tory cOas t  rI:ct i’o w e- a  i t t  Lia n t i f f  i c u l t  . I , -

i’~~~ ls  of 11 f u l l y engi i c - i - ro th  b a t t e r y  inc lude  a n omina l  v o l t  a l e -  of 2-8 v I t  a and a

current  of about 2 amps. T h i s  was dons with B a L L c r y  i/ l i .

A n o t h e r  uf t i le goa l s  i f  a f u l l y i c n g i t ~i - c - r e - d  b : L L r - r y  i s  cit t
~~

- e l  cr1 19  l i l t -

of 4~ m i n u t e s .  t h i s , when c o n s i d e r e d  in c o n i u n c t i u r  s- i th i  tile I t ’  t i - - I l l - I l  11111’

wc~ ttllt r oqu i re rr u en t  , corresponds to an c-Clergy i t i - t t I  i t  Y of 4~ ‘i t r /  I i i . 19 ’-  Iui ~c h i , --c c

i i  r~ y detac h ty observed b y any batte ry wart e - b - a ut  15 a l i t - / l i ’ . rh i s  5 a b ’ n i m ’

th i i t t i  - f  the 1-equ i red energy dens i t y  and i t - i  t c c n d t  i-c~ti gtch .y Li , a 15 mi r~i Le -  h t c  I 

i i i  5 is a ;- i i i iunproveunent over  ex is ti  ti; t l i c c - mc ,  I bat L o r i e s . I i t -  I - ‘rg er— c act cia

L i e  observed was 6 m i n u t e s .  I t  should be c c r t ~~ it 1,11 these e t c e i j - v  ( j e c i n i  ty f l ii i i t - i - s

- - y  in c lu d e  the  we i gh t s  of t i l e  c e l l s  i t O  L i t -  ‘‘ I nue -  c c i e : t i v  i e t c i ~l c y  of a bet t r y

- - i ,  II be aioe-I lacer titan time F i g i m r c - s nuoted lit re. itc,we--ver , Bat ti - ly ~‘3U s t i l l  i t O  att - .I

- t  peak vol t at ’ - i ’f 28 vo l t s  acro-’is 1 15 olmi load r,nd r es t ii-d 3 (2 t O e - t I l l S  t i -  io’~~~~l i

2~ v o l t s .  Ba tt e ry  #31) on l y c o n t a i c , ’ J  dl i i i  n e t  i t -s  ~tctcl ; t i  d i v e - t i  ice I i i - .

l~t [a fe lt that Lid s w ork  has -i ‘tv t-c t that this is i i  rat I t  y e - I c  1 -  p.  1 i t t ’

h~i t . u i - r y  j u l  that  titt- r i - t u t u  c e - i c - n t  ii I i ’r  it fuh lv - i t  i t t - e l ,  0 c ’  t i e - t v  t i ’ -  i O i l , -  i t am i a t  
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Of time t h t i r t y  b a t t e r y  t e s ts  made f i i u r t t - e n  act  i vated in -~s’e r ur i c  se - i - - i  ou t .

Out of the last  seven b a t t e r  hi- s t es ted  none h a d  an act [vat  i on g r e a t e r  than  0. (-3

seconds. Therefore , it appears that time a c t i v a t i o n  requ i rement  i.s not go ing  to

be a problem w i t i m  t h i s  b a t t e r y . E l e c t r i c a l  noise was noted in onl y a few cases

and i t  is not f e l t  that  the noise requ i rement  is going to be a problem.

Ba t t e ry  tes ts  #12 th ru  #17 proved tha t  the b a t t e r y  w i l l  f u n c t i o n  w e l l

0 C) -between the required temperatures of —j4 C to 74 C. While no exact measurements

were made of the skin temperature these batteries were often cool enough to be held

in the Imand without any protection and it is felt that the skin temperature

requirement is realistic and attainable.

It is possible to make a b a t t e r y  w i t h  a vo lume less than  s ix c u b i c  i n c h e s

or a weight of less than one pound. However , the energy density and current density

measurements demonstrate that a battery that size would probabl y net have a very long

life (less titan ten minutes). To make a battery that would produce the required

voltage and amperage for the required time would take a battery of about th ree times

the recommended weight and perhaps double the recommended volume. In any case on

op t imized energy dens ity would require more eng ineering to reduce wasted space and

we ight.

One suggestion which imme d iatel y presents it self to th is ba ttery is a

lightweight plastic case. Tills [S a real possibility considering the low operating

temperature of this battery.

No batteries were tested in an env i ronment of a cce l e r a t i on , shock it 4
v ibration. Since flow of the electrolyte was observed in some of t u e static t t s t s

performed it is felt that time optimum antiflow properties of Liii’ ccli have not ye t

been attained and more engineering needs ti be clone before testing - I  t h u  oat ur~-

is begun.
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ln sutiunary time Eureka Advance Science Corporat ion used an electr’lchtemi cal

cell developed by Frank J.  Seller Research Laboratory to make a th e rmal  b a t t e r y

which has a l l  of l h le op e r a t i ng  c h a r a c t e r i s ti c s  of existing therma l batteries p lus

the advantages of a cooler operating temperature , and a much li nger li fe - , It is

felt that this battery has a good utility potential and flir t - work should be done

until a fully engineered battery is realized.

I

- 107

--



94

_ _  ___ - -~-~~~~r~ 
-

RE FE a t- : I- . S

I .  Ls i c h - r a t - - i v  Al umi n rmm— C hil r ,r iiii - im- rma l  lv A c t i v a t e d  t t ; i t t i - r y ;
S ing le h e l l  Ext i e r  i ln e ot s ,  !f t a t~~~ l_ , h r - h o e - i c r  , ~~~r i - . a r id  S e egm i l le r ,
FJS9l_ h t - c h n i c a l  Ic -h i t  / i  _ i p t t I 2  - \ i  r P e -~ - Sc -sr - n i - c  Comusru and , U . S .A.F .  ,
Ci i i i rado Sbt r i na-s, C i i  - - r a d i i . J a n ua r y  1 1 7  ,

2. Hig h Energy  Den s i t y  P e i h i  t it -t i-d A l u m i n a - i  C h l o r i de  i l i e - r t i i a l  B a t t e r i e s .
tiussey, Erbacher, and ~~~~~~~~~ , F3S~tL !ecti c tica l Report 19—0003 , Ai r
Force Sys tems Corruri and , U.  S. A . 1 . , ( c  - I - t  i d i i  Sp r i n g s . Colorado ,
Jan u a r y ,  197€ .

3. J AN AF fhe rn toc iu em ic a l  t ab  h e - a , 2nd Edit i - r i , U.S. Dept. of Commerce ,
N SR DS—N B S 37 , 1971.

4. Handbook of Ch e m i s L r y  and P l m y s i c s , 56th E d i t i o n , Cluemica l  Rubber
Pu b l i s h i n g  C - - . ,  C leve land , Oh i o , l97b .

5. In t roduct ion  to L i n e a r  Models and tue D e s i g i t  and Anal ysis of
Exper i ments , Mendent ia l l ,  Wadsworth Pub l i sh ing  Co . , I n c . ,  Belmont ,
Cal  i f o r n i  cm.

6. Selected Product ion  VarI ab les  in a P e l l e t — T ype Thermal Battery ,
Douglas R. Bey, presented at the 9th Intersociety Energy Conversion
Engi neering Conference , San Francisco , California , August , 1974.

108
ti - •--, P- I - i  - -


